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Introduction to Machining Processes 


MACHINING is à term that covers a large 
collection of manufacturing processes de- 
signed to remove unwanted material, usually 
in the form of chips. from a workpiece. Ma- 
chining is used to convert castings, forgings, 
or preformed blocks of metal into desired 
shapes, with size and finish specified to fulfill 
design requirements. Almost every manufac- 
tured product has components that require 
machining, often to great precision. There- 
fore, this collection of processes is one of the 
most important of the basic manufacturing 
processes because of the value added to the 
final product. By the same token, machining 
processes are often the most expensive. 

The majority of industrial applications of 
machining are in metals. Although the metal 
cutting process has resisted theoretical 
analysis because of its complexity, the ap- 
plication of these processes in the industrial 
world is widespread. 

Machining processes are performed on a 
wide variety of machine tools. Figure | 
shows an example of a machine tool—a 
dual-turret numerically controlled (NC) 
lathe. Workpieces are held in workholding 
devices, such as a three-jaw chuck. The 
tools used to cut metal are in the turrets. 
Other examples of basic machine tools are 
milling machines, drill presses, grinders, 
shapers, broaching machines, and saws. 

Each of the basic machine tool types has 
many different configurations. Lathes, for 
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example, may be engine lathes, turret 
lathes, tracer lathes, or automatic-screw 
machines. Lathes have followed the trend 
of other machine tools, and NC lathes can 
now be routinely purchased. 

The primary chip formation processes are 
listed below, with alternative versions in 
parentheses. Each process is performed on 
one or more of the basic machine tools. For 
example, drilling can be performed on drill 
presses, milling machines, lathes, and some 
boring machines: 


e Turning (boring, facing, cutoff, taper 
turning, form cutting, chamfering, recess- 
ing, thread cutting) 

e Shaping (planing, vertical shaping) 

* Milling (hobbing, generating, thread mill- 
ing) 

е Drilling (reaming, tapping, spot facing. 
counterboring, countersinking) 

e Sawing (filing) 

@ Abrasive machining (grinding, honing. 
lapping) 

* Broaching (internal and surface) 


Processes can be combined into multiple- 
capability machines, known as machining 
centers, The machining center shown in 
Fig. 2 is capable of performing the machin- 
ing processes normally performed on a mill- 
ing machine, drilling machine, and a boring 
mill and is numerically controlled. The po- 
sition and velocity of the tool with respect 





Fig. 1 A dual-turret NC turning center with 16 tool stations. Courtesy of Cincinnati Milacron 


to the work is under feedback control. Dif- 
ferent tools can be automatically inserted 
into the spindle as needed to do different 
machining processes. The horizontal spin- 
dle machine shown in Fig. 2 was one of the 
first NC machining centers to be able to 
change workpiece pallets. 

For each of the basic machine tool types, 
there are many different kinds of workhold- 
ers, cutting tools, and cutting tool holders, 
resulting in a rather formidable list of equip- 
ment and processes. In this Volume, a 
Section entitled "Fundamentals of the Ma- 
chining Process'' is presented first, with the 
intent of putting these processes into per- 
spective and helping the reader to under- 
stand the problems associated with using 
machining processes in the manufacture of 
products. 


Overview of Machining 
Process Variables 


Metal cutting processes can be viewed as 
consisting of independent (input) variables, 
dependent variables, and independent- 
dependent interactions or relationships. 
The engineer or machine tool operator has 
direct control over the input variables and 
can specify or select them when setting up 
the machining process. Several input vari- 
ables are described below. Figure 3 summa- 
rizes the input/output relationships associ- 
ated with metal cutting. 


Independent Input Variables 


Workpiece Material. The metallurgy and 
chemistry of the workpiece can either be 
specified or is already known. Quite often, a 
material is selected for a particular applica- 
tion chiefly because it machines well. Cast 
iron and aluminum, for example, are known 
to machine easily. Other metals, such as 
stainless steel or titanium, are difficult to 
machine. They often have large cutting 
forces or poor surface finishes, which can 
result in short cutting tool life, yet these 
metals are selected to meet other functional 
design criteria. Machining practice for spe- 
cific workpiece materials are reviewed in 
the Section "Machining of Specific Metals 
and Alloys” in this Volume. 
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Starting Geometry. The size and shape 
of the workpiece may be dictated by pre- 
ceding processes (casting, forging, forming, 
and so forth) or may be selected from stan- 
dard machining stock (for example, bar 
stock for screw machines), Usually this 
variable directly influences the machining 
process or processes that ure selected. as 
well as the depths of cut. 

Specific Machining Processes. The selec- 
tion of machining processes required to 
convert the raw material into a finished 
product must be based on the geometry of 
the part (size and shape, rotational or non- 
rotational), the required finishes and toler- 
ances, and the quantity of the product to be 
made. Machining processes can be grouped 
into three broad categories. These include 
traditional chip formation processes. abra- 
sive machining processes, and nontradition- 
al machining processes. 

Chip Formation Processes. As described 
earlier, there are seven basic chip formation 
processes: turning, shaping, milling, drill- 
ing, sawing, broaching, and abrasive ma- 
chining. The equipment and principles of 
operation associated with each of these 
processes (with the exception of abrasive 
machining, which is treated separately) are 
described in the Section titled '"Traditional 
Machining Processes" in this Volume. 

Abrasive machining is the basic process 
by which chips are formed by very small 
cutting edges that are integral parts of abra- 
sive particles. The principles of abrasive 
machining, the fundamental differences be- 
tween metal cutting and grinding, and the 
abrasives and equipment used for abrasive 
machining operations are described in the 
Section "Grinding. Honing, and Lapping" 
in this Voiume. 

Nontraditional Machining Processes. 
Machining processes that involve compres- 





Numerically controlled machining center that can change workpieces as well as cutting tools. Courtesy of 


sion/shear chip formation have a number of 
inherent disadvantages. These include: 


e High costs incurred with chip formation 
(high energy output and chip removal, 
disposal, and/or recycling) 

è Heat buildup that often results in work- 
piece distortion 

€ High forces that create problems in hold- 
ing the workpiece and which can also 
cause distortion 

è Undesirable cold working and residual 
stresses in the workpiece that often ne- 
cessitate further processing to remove 
the harmful effects 

e Limitations as to the size and delicacy of 
the workpiece 


In order to avoid these limitations, nontra- 
ditional machining processes are increasing- 
ly being used. Nontraditional methods usu- 
ally do not produce chips or a lay pattern in 
the surface and often involve new energy 
modes (see the Section ‘Nontraditional 
Machining Processes" in this Volume). 
Volumetric materíal removal rates, howev- 
er, are much lower than with traditional 
machining processes. 

Tool Materials. The three most common 
cutting tool materials currently in use for 
production machining operations are high- 
speed steel (HSS), both in wrought and 
powder metallurgy (P/M) form; carbides; 
and coated tools. Cubic boron nitride 
(CBN), ceramics, and diamonds are also 
being widely employed. Generally speak- 
ing, HSS is used for general-purpose tools, 
for tools of complex design or for tools used 
when cutting speeds are more modest. Car- 
bide and ceramic tool materials, which can 
operate at faster cutting speeds, come in a 
wide variety of grades and geometries. Ti- 
tanium nitride and titanium carbide coatings 
for HSS and carbides are now common- 


place. Selection of a tool material that pro- 
vides reliable service while fulfilling the 
functional requirements is still an art. The 
harder the tool material, the better it can 
resist wear at faster cutting speeds. The 
faster the cutting speed, the higher the 
cutting temperature and the shorter the tool 
life. Retention of hardness at elevated tem- 
peratures as well as long tool life are desir- 
able characteristics in cutting tools. See the 
Section "Cutting Tool Materials" in this 
Volume for descriptions of the processing, 
properties, and applications associated with 
the aforementioned materials. 

Cutting Parameters. For every machin- 
ing operation, it is necessary to select a cut- 
ting speed, a feed, and a depth of cut. Many 
factors impinge on these decisions because all 
of the dependent variables are influenced by 
them. Proper selection of variables also de- 
pends on the other input variables that have 
been selected; that is, the total amount of 
material to be removed, the workpiece and 
tool materials, and the machining process or 
processes. These need to be selected before 
preliminary choices for speed, feed, and 
depth of cut can be made. 

Tool Geometry. Cutting tools are usually 
designed to accomplish specific operations, 
and thus the tool geometry (angles) is se- 
lected to accomplish specific machining 
functions. Generally speaking, large rake 
and clearance angles are preferred, but they 
are possible only on HSS tools. Tools made 
from carbides, ceramics, and other very 
hard materials must be given small tool 
angles, which keep the tool material in 
compression during machining and thereby 
avoid tensile failure and brittle fractures of 
the tool. The greater the precision required 
of the process, the better the geometry of 
the cutting edge itself must be. 

Workholding Devices. Workpieces are 
located (held in specific position with respect 
to the tools) and clamped in workholding 
devices in or on the machine tools. For every 
machine tool, there are many different kinds 
of workholding devices, ranging from gener- 
al-purpose vises to specifically designed jigs 
and fixtures (see the article "Proper Fixtur- 
ing" in this Volume). The workholding devic- 
es are the key to precision manufacturing; 
thus, the selection (or design and construc- 
tion) of the correct workholding devices is 
every bit as important as the selection of the 
right cutting tool and machine tool. 

Cutting Fluids. The selection of the right 
cutting fluid for a particular combination of 
work material and tool material can mean 
the difference between success and failure 
in almost every production machining prc- 
cess. Cutting fluids serve to cool the work- 
piece, tool, and chips; reduce friction by 
means of lubrication; carry the chips away 
from the cutting region; help improve the 
surface finish; and provide surface protec- 
tion to the workpiece (a more complete 
discussion may be found in the article 
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Cutting tool parameters 


Тоо! design geometry 
* Tool angles 
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Material 
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MACHINING 
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+ Macroindustrial studies 
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photography 

Oblique (three-force) model 

* Single-point cutting 

* Multiple-edge tools 


Experimental design 


Selection of leveis and 
number of input 
variables 


Fig. 3 Input/output relationships in metal cutting (machining) 


“Metal Cutting and Grinding Fluids” in this 
Volume). 


Dependent Variables 

Dependent variables are determined by 
the process based on the prior selection of 
the input or independent variables. Thus, 
the manufacturing engineer's control over 
these is usually indirect. The important de- 
pendent variables are cutting force and 
power, size and properties of the finished 


product, surface finish. and tool wear and 
tool failure. 

Cutting Force and Power. To machine 
metal at a specified speed, feed, and depth 
of cut, with a specified lubricant, cutting 
tool material, and geometry, generates cut- 
ting forces and consumes power. A change 
in any of thc variables alters the forces, but 
the change is indirect in that the engineer 
does not specify the forces, only the param- 
eters that generate those forces. Forces are 
important in that they influence the deflec- 
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к==== Outputs from machining process 


tions in the tools, the workpieces, and the 
workholders, which in turn affect the final 
part size. Forces also play a roll in chatter 
and vibration phenomena common in ma- 
chining. Obviously, the manufacturing en- 
gineer would like to be able to predict forces 
(and power) so that he can safely specify the 
equipment for a manufacturing operation, 
including the machine tool, cutting tool, and 
workholding devices. The basic concepts 
associated with the modeling and under- 
standing of cutting forces and power are 


4 | Introduction to Machining Processes 


explained in the article "Forces, Power, 
and Stresses in Machining" in this Volume. 

Size and Properties of the Finished 
Product. Ultimately, the objective of ma- 
chining is to obtain a machined surface of 
desired size and geometry with the desired 
mechanical properties. Because machining 
is a localized, plastic deformation process, 
every machined surface will have some 
residual deformation (stresses) left in it. 
These residual stresses are usually tensile in 
nature and can interact with surface flaws to 
produce part failure from fatigue or to cause 
corrosion. In addition, every process has 
some inherent process variability (varia- 
tions about average size) that changes with 
almost all of the input variables. Thus, the 
manufacturing engineer must try to select 
the proper levels of input variables to pro- 
duce a product that is within the tolerance 
specified by the designer and has satisfac- 
tory surface properties. 

Surface Finish. The final finish on a ma- 
chined surface is a function of tool geome- 
try, tool material, workpiece material, ma- 
chining process, speed, feed, depth of cut, 
and cutting fluid. Surface finish is also re- 
lated to the process variability. Rough sur- 
faces have more variability than smooth 
surfaces. Often it is necessary to specify 
multiple cuts, that is, roughing and finish 
cuts, to achieve the desired surface finish, 
or it may be necessary to specify multiple 
processes, such as following turning with 
cylindrical grinding, in order to obiain the 
desired finish. The effect of various machin- 
ing processes on surface finish and on the 
properties of the final products are de- 
scribed in the article *''Surface Finish and 
Surface Integrity" in this Volume. 

Tool Wear and Tool Failure. The plastic 
deformation and friction inherent in ma- 
chining generate considerable heat. which 
raises the temperature of the tool and low- 
ers its wear resistance. The problem is 
subtle, but significant. As the tool wears, it 
changes in both geometry and size. A dull 
cutting edge and change in geometry can 
result in increased cutting forces that in turn 
increase deflections in the workpiece and 
may create a chatter condition. The in- 
creased power consumption causes in- 
creased heat generation in the operation, 
which accelerates the wear rate. The 
change in the size of the tool changes the 
size of the workpiece. Again, the engineer 
has only indirect control over these vari- 
ables. He can select slow speeds, which 
produce less heat and lower wear rates, but 
which decrease the production rates be- 
cause the metal removal rate is decreased. 
Alternatively, the feed or depth of cut can 
be increased to maintain the metal removal 
rate while reducing the speed. Increasing 
either the feed or depth of cut directly 
increases the cutting forces. Therefore, 
while tool life may be gained, some preci- 
sion may be lost due to increased deflection 


and chatter. Wear mechanisms, determina- 
tion of modes of tool failure, and tool life 
testing are examined in the article ‘Тоо! 
Wear and Tool Life” in this Volume. 


Relations Between Input 
Variables and Process Behavior 


Understanding the connections between 
input variables and process behavior is im- 
portant knowledge for the manufacturing 
engineer. Unfortunately, this knowledge is 
difficult to obtain. Machining is a unique 
plastic deformation process in that it is 
constrained only by the cutting too! and 
operates at very large strains and very high 
strain rates. The tremendous variety in the 
input variables results in an almost infinite 
number of different machining combina- 
tions. Basically, there are three ways to 
deal with such a complex situation. 

Experience requires long-term exposure, 
because knowledge is basically gained by 
trial and error, with successful combina- 
tions transferred to other, "similar" situa- 
lions. This activity goes on in manufac- 
turing every time à new material is 
introduced into the production facility. It 
took years for industry to learn how to 
machine titanium. Unfortunately, the 
knowledge gained through one process may 
not transfer well to another even though 
their input variables appear very similar. 

Experiments. Machining experiments are 
expensive, time consuming, and difficult to 
carry out. Tool life experiments, for exam- 
ple, are quite commonly done, vet tool life 
data for most workpiece/tool material com- 
binations are not available. Even when lab- 
oratory data have been published, the re- 
sults are not necessarily transferable to thc 
particular machine tools and cutting tools 
on the shop floor. Tool life equations are 
empirically developed from turning experi- 
ments in which all input variables except 
cutting speed are kept constant. The exper- 
imental arrangement may limit the mode of 
tool failure to wear. Such results are of little 
value on the shop floor, where tools can and 
do fail from causes other than wear. 

Theories. There have been many attempts 
to build mathematical models of the metal 
cutting process. Many of the theories are 
extensions of the mechanics presented in 
the following Section, "Fundamentals of 
the Machining Process." These theories try 
to predict the direction of the shearing pro- 
cess of metal cutting. These models range 
from crude, first-order approximation to 
complex, computer-based models using fi- 
nite-element analysis. Recently, some mod- 
est successes have been reported in the 
literature in which accurate predictions of 
cutting forces and tool wear were made for 
certain materials, Clearly such efforts are 
extremely helpful in understanding how the 
process behaves. However, the theory of 
plastic deformation of metals (dislocation 
theory) has not yet been able to predict 


values for shear stresses and tool/chip inter- 
face from the metallurgy and deformation 
history of the material. Therefore, it has 
been necessary to devise two independent 
experiments to determine the shear strength 
(т„) of the metal at large strains and high 
strain rates and the sliding friction situation 
at the interface between the tool and chip 
(see the article "Mechanics of Chip Forma- 
tion" in this Volume). 


Future Trends 


The metal cutting process will continue to 
evolve, with improvements in cutting tool 
materials and machine tools leading the 
evolution. More refined coatings on cutting 
tools will improve tool life and reliability, as 
will more robust, rigid machine tools. The 
challenge for machining will involve dealing 
with the new types of materials that will 
need to be machined, including aluminum 
and titanium alloys, alloy steels, and super- 
alloys. These materials, because of im- 
proved processing techniques, are becom- 
ing stronger and harder and therefore more 
difficult to machine. The objective should 
be to design and build cutting tools that 
have less variability in their tool lives rather 
than longer tool lives. The increasing use of 
structural ceramics, high-strength poly- 
mers, composites, and electronic materials 
will also necessitate the use of nontradition- 
al methods of machining. In addition, grind- 
ing will be employed to a greater extent than 
in the past, with greater attention to creep 
feed grinding and the use of superabrasives 
(diamond and cubic boron nitride). 

As the cutting tools improve, the machine 
tools will become smarter, with on-board 
computers providing intelligent algorithms 
interacting with sensory data from the pro- 
cess. Programmable machine tools, if 
equipped with the proper sensors, are capa- 
ble of carrying out measurements of the 
product as it is being produced. These prod- 
uct data will be fed back to the control 
program, which is then modified to improve 
the product or corrected for errors. Thus, 
the machine will be able to make the adjust- 
ments necessary to prevent defective prod- 
ucts from being produced. The goal of such 
control programs should be improved qual- 
ity (designed not to make a defect), rather 
than optimum speed or lowest cost. Ad- 
vancements in computer-aided machining 
processes are discussed in the Section '' Ma- 
chine Controls and Computer Applications 
in Machining" in this Volume. 

Another area in which significant ad- 
vances will be made is the design of 
workholders that are capable of holding 
various parts without any downtime for 
setups. Included in this search for flexible 
fixtures will be workholding devices that 
can be changed over by a robot—the same 
robot used to load or unload parts from the 
machine. 


Fundamentals of the 
Machining Process 
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Mechanics of Chip Formation 


THE BASIC MECHANISM involved in 
metal cutting is that of a localized shear 
deformation on the work material immedi- 
ately ahead of the cutting edge of the tool. 
The relative motion between the tool and 
the workpiece during cutting compresses 
the work material ncar the tool and induces 
à shear deformation (called the primary 
deformation), which forms the chip. The 
chip passes over the rake face of the cutting 
100] and receives additional deformation 
(called the secondary deformation) because 
of the shearing and sliding of the chip 
against the tool. 

These two plastic deformation processes 
have a mutual dependence. The material 
element that rubs the rake face has been 
heated and plastically deformed during its 
passage through the primary shear process; 
therefore, the secondary process is influ- 
enced by the phenomena on the shear 
plane. At the same time, the shear direction 
is directly influenced by the rake face de- 
formation and friction processes. The shear 
direction influences the heating and strain- 
ing of the chip in the primary process. In 
terms of metal cutting theory, this mcans 
that shear stress and shear direction must 
be determined simultaneously. Such theo- 
retical analyses are usually based on the 
mechanics of the process. 

This article will review the following: 


J T. Black, Auburn University 


* The fundamental nature of the deforma- 
tion process associated with machining 

è The principles of the orthogonal cutting 
model 

* The effect of workpiece properties on 
chip formation 

* The mechanics of the machining process 


Additional information on the modeling and 
analysis of chip formation can be found in 
the article "Forces, Power, and Stresses in 
Machining," which immediately follows in 
this Section. 


Fundamental Mechanism 
of Metal Deformation 


Cutting Models. Before the mechanics of 
machining are presented, a brief discussion 
of the fundamental nature of the deforma- 
lion processes is helpful in understanding 
the assumptions that accompany the me- 
chanics. The machining geometry can be 
simplified from the  three-dimensional 
(oblique) geometry, which typifies most in- 
dustrial processes, to a two-dimensional 
(orthogonal) geometry. Figure | compares 
the oblique and the orthogonal cutting ge- 
ometries. Orthogonal machining can be ob- 
tained in practice by: 


* End cutting a tube wall by turning (Fig. 1b) 


е Machining a plate as shown in Fig. 2 


Oblique cutting is obtained when the cutting 
edge and the cutting motion are not perpen- 
dicular to each other. Because the orthogo- 
nàl case is more easily modeled, it will be 
used in this article to describe the deforma- 
tion process. 

In the orthogonal cutting of a tube (Fig. 
1b), the width of the cut is equal to the 
thickness of the tube wall, w. The direction 
of shear is specified by Ф, the shear angle. 
The cross-sectional area of the chip is given 
by t, м, where f, is chip thickness and w, 
is the width of the chip. The cutting edge of 
the tool is perpendicular to the feed direc- 
tion. The measured horizontal cutting force, 
F., is the force in the direction of the cutting 
velocity (or cutting speed). The force in the 
direction of the feed (vertical or tangential) 
and perpendicular (orthogonal) to F, is de- 
noted by F,. With this two-dimensional 
model of chip formation, the influence of 
the most critical elements of the tool geom- 
etry (rake angle, a, and the edge radius of 
the tool) and the interactions that occur 
between the tool and the chip can be more 
easily examined. 

Shear Zone. Basically, the chip is formed 
by a localized shear process that takes place 
over very narrow regions. Classically called 
the shear zone or shear plane, this deforma- 





(a) 


Fig. 1 or thrust force. (b) Two-force orthogonal m 


cutting edge of the tool is perpendicular to the direction of motion. (c) For orthogonal cutting, 


Ib) 


(с) 


Comparison of oblique and orthogonal geometry machining. (a) Three-force oblique machining. F, is the primary cutting force, Р, is the feed force, and F, is the radial 
achining. F, is the measured cutting force, and F, is the feed (tangential) force. A tube-cutting application is shown; the 
the shear areo, A,, occurs for o shear angle ф, width of cut w, and feed 7. 
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tion evolves out of a radial compression 
zone that travels ahead of the shear process 
as the tool passes over the workpiece (Fig. 
2). Like all plastic deformations, this radial 
compression zone has an elastic compres- 
sion region that converts to a plastic com- 
pression region as the material approaches 
the cutting edge. This plastic compression 
generates dense dislocation tangles and net- 
works in annealed metals. When this work- 
hardened material reaches the tool, the ma- 
terial shears in the direction of the free 
surface. 

Shear Front-Lamella Structure. The 
shear process itself is a nonhomogeneous 
(discontinuous) series of shear fronts (or 
narrow bands) that produce a lamellar 
structure in the chips. This fundamental 
structure occurs on the microscale in all 
metals when they are machined and ac- 
counts for the unique behavior of the ma- 
chining process. 

Individual shear fronts (Fig. 2) coalesce 
into narrow shear bands. The shear bands 
are very narrow (20 to 200 nm) compared to 
the thickness of a lamella (2 to 4 wm) and 
account for the large strain and high strain 
rates that typify this process. 

These fundamental structures are difficult 
to observe in normal metal cutting, but can 
be readily observed in a scanning electron 
microscope with specially prepared work- 
pieces. Figure 3 shows micrographs from an 
orthogonal machining experiment per- 
formed inside a scanning electron micro- 
scope. The fundamental shear front-lamella 
structure is readily observed. The side of 
the workpiece has been given a mirror pol- 
ish so that the shear fronts can be observed. 
The shear fronts are produced by the acti- 
vation of many dislocations traveling in 
waves from the tool tip to the free surface. 
The lamella represents heavily deformed 
material that has been segmented by the 
shear fronts. When machined, all metals 


Development of the shear front-lamella structure. As shown by this orthogonal geometry, shear 
deformation evolves from a radial compression zone. See Fig. 5 for an explanation of the effects of shear 


deform by this basic mechanism. The shear 
fronts relieve the applied stress. 

Chips are sometimes produced with à 
sawtooth pattern on the top side—the side 
that did not rub against the tool. This saw- 
tooth pattern is not produced by the shear 
front-lamella structure but rather by the 
unloading of the elastic energy stored in the 
tool and workpiece, which results in chatter 
and vibration during cutting. The shear 
front-lamella structure can and does exist 
without any vibration of the tool or work- 
piece. If each sawtooth were to be observed 
in the scanning electron microscope, many 
fine shear front-lamella structures would be 
found in each sawtooth region. The geome- 
try of the sawtooth can be changed (even 
eliminated) by altering the rigidity of the 
setup or the machine. The shear front- 
lamella structure is fundamental to, and 
characteristic of, the plastic deformation 
process itself; therefore, it is relatively in- 
variant with respect to cutting parameters 
and certainly cannot be eliminated. 


Orthogonal Machining 
Fundamentals 


Orthogonal machining setups are used to 
model oblique machining processes. Pro- 
cesses such as turning, drilling. milling, and 
shaping are all three-force, or oblique, cutting 
methods. However, the orthogonal model 
shown in Fig. 4 is an excellent illustration of 
the behavior of oblique processes without the 
complications of the third dimension. 

Chip Ratio. As described earlier in this 
article, orthogonal machining can be ac- 
complished by machining a plate or can be 
approximated by cutting the end of a tube 
wall in a turning setup. For the purposes of 
modeling, the following are assumed: The 
shear process is a plane, the cutting edge is 
perfectly sharp, and there is no friction 
contact between the flank of the tool and 


the workpiece surface. Because plane- 
strain conditions are assumed, the chips are 
assumed to have no side flow (w — w,, Fig. 
1с), and the cutting velocity is constant. 
The shear process occurs at angle ф for a 
tool with back rake angle a. The chip has 
velocity V, and makes contact with the rake 
face of the tool over length Є (Fig. 2). 
Defining the ratio of the uncut chip thick- 
ness, г, to the chip thickness, t, as the chip 
ratio, r, produces the following: 


i 3 
pale ne _ (Eq 1) 
t. cos(ġ —a) 
Solving Eq 1 for ф yields: 
tinea SEE. (Eq 2) 
1 -r sina 


In practical tests, the average chip thick- 

ness can be obtained by carefully measuring 

the length L and the weight W of a piece of 

a chip. Then: 
wW 

pil 
where p is the density of the work material 
and 7 is the feed or uncut chip thickness. 
Chip thickness is usually greater than the 
depth of cut, т, and is constrained by the 
rake face of the cutting tool. 

Shear Angle. There are numerous other 
ways to measure or compute the shear 
angle, both during (dynamically) the cutting 
process and after (statically) it has been 
halted. The shear angle can be measured 
statically by instantaneously interrupting 
the cut through the use of quick-stop de- 
vices. These devices disengage the cutting 
tool from the workpiece while cutting is in 
progress, leaving the chip attached to the 
workpiece. Optical microscopy and scan- 
ning electron microscopy are then used to 
observe the shear angle. High-speed motion 
pictures have also been used to observe the 
process at frame rates as high as 30 000 
frames per second. More recently, machin- 
ing stages have been built that allow the 
process to be performed inside a scanning 
electron microscope and recorded on video- 
tape for high-resolution, high-magnification 
examination of the deformation process. 
The micrographs shown in Fig. 3 were 
created in this manner. This technique has 
been used to measure the velocity of the 
shear fronts, V., during cutting, thus veri- 
fying experimentally that the vector sum of 
V and V, equals V, (Fig. 4b). 

For constancy of volume, it was observed 
that: 


V. 


B _ sing 

V cos (ф ~a) 
Equation 4 indicates that the chip ratio (and 
therefore the shear angle) can be deter- 
mined dynamically if a reliable means of 
measuring chip velocity can be found. 
Thus, one could determine ф dynamically 
for a known tool geometry. Therefore, cut- 


t (Eq 3) 


© 


(Ед 4) 
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Fig. 3 Chi formation process viewed inside a scanning electron microscope. The workpiece is a rectangular plate of high-purity gold that wos polished on the sides so that 
IJ. J the plastic deformation of the shear process can be readily observed. The boxed area in (a), which is shown at a higher magnification in (b), shows the shear fronts, 
numbered 1 and 2, advancing from the tool tip region toward the free surface of the workpiece. The letter D indicates a defect on the side of the chip. The arrows indicate a 
scratch (S) that has been sheared. The tool hos been withdrawn from the workpiece. In (c), the tool has been reinserted and slightly advanced. This produced additional shear on 
shear front No. 2 and new shear front No. 3. Note the movement of defect D. These shear fronts are difficult to observe unless the specimen is polished and examined in a scanning 


electron microscope. 


ting forces can be dynamically predicted, an 
important consideration in adaptive control 
machining (see the article ‘Adaptive Con- 
trol” in this Volume). Velocities are also 
important in power calculations, heat deter- 
minations, and vibration analyses associat- 
ed with chip formation 

Shear Strain. When an arca of metal (for 
example, area p-q-r-s in Fig. 2) passes 
through the shear process, it is plastically 
deformed into a new shape, as shown in 
Fig. 5. The amount of plastic deformation is 
related to the shear angle, ф, and the rake 
angle, a. 

















Therefore, the chip undergoes a shear 
strain, y. of: 
cosa "mo 
ee | ) 
Y Sino cos (b а) 4 
The meaning of shear strain, as well as of 
the units in which it is measured, is shown in 
the inset diagram in Fig. 5. A unit displace- 
ment of one face of a unit cube is a shear 
strain of | (y = 1). Figure 5 illustrates the 
relationship between the shear strain in or- 
thogonal cutting and the shear plane angle for 
three values of the rake angle. For any rake 
angle, there is a minimum strain at which the 


mean chip thickness is equal to the feed (1, = 
1). For zero rake angle, this occurs at ф = 45°, 
The change in shape of a unit cube after it 
passes through the shear plane for different 
values of the shear plane angle is shown in the 
lower diagram in Fig. 5 for a tool with a zero 
rake angle. The minimum strain at @ = 45° is 
apparent from the shape change. The shaded 
region in Fig. 5 shows the typical values of & 
found in practice 

At a zero rake angle, the minimum shear 
strain is 2. The minimum strain occurs when 
there is no friction at the tool/chip interfa 
The minimum strain decreases as the rake 
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Schematics of orthogonal metal cutting mechanics. (a) Orthogonal model. t, uncut chip thickness (feed or 
depth or cut); 1,, chip thickness; ф, shear angle; 
{0 = 90 — (а + y)]. (b) Velocity triangle. V,, sheor velocity; Ve, 


1, back rake angle; y, clearance ongle; Ө, edge angle 
chip velocity; V, cutting velocity. (c) Chip freebody 





diagram. F, friction force; N, normal to friction force; F,, shear force; F, normal to shear force; F., cutting force; Р, 


tangential force; R, resultant force 


angle increases. If the rake angle is too large, 
the tool is weak and will fracture. Rake angles 
larger than 30° are seldom used in industry. 
With carbides and ceramics, the tendency has 
been to decrease the rake angle to make the 
tools more robust, allowing these harder but 
less tough tool materials to be used. There- 
fore, even under optimum cutting conditions, 
chip formation involves very severe plastic 
deformation, resulting in considerable work 
hardening and structural change. Metals and 
alloys lacking in ductility periodically fracture 
on the shear plane, producing discontinuous 
chips (see the section "Effect of Work Mate- 
rial Properties” in this article). 

In general, metal cutting strains are quite 
large compared to other plastic deformation 
processes, being of the order of 2 to 4 mm/ 
mm (2 to 4 in./in.). However, this large 
strain occurs over very narrow regions (the 
shear band), which results in extremely high 
shear strain rates, typically of the order of 
10* to 10° mm/mm (10* to 10* in./in.). This 
strain rate can be estimated from: 


v 
d 
where d is the thickness of the shear 


bands. This combination of large strains 
and high strain rates operating within a 





у= (Eq 6) 


process constrained only by the workpiece 
and the tool (actually, the deformation 
interface at the rake face of the tool) 
causes great difficulties in theoretical anal- 
yses of the process. 


Effect of 
Work Material Properties 


Principal Chip Types. The properties of 
the work material control chip formation. 
Work material properties include yield 
strength, shear strength under compressive 
loading, strain-hardening characteristic: 
friction behavior, hardness, and ductilit 
As noted in the section "Shear Strain" in 
this article, work material ductility is an 
important factor. Highly ductile materials 
not only permit extensive plastic deforma- 
tion of the chip during cutting, which ii 
creases work, heat generation, and temper- 
ature, but also result in longer, continuous 
chips that remain in contact longer with the 
tool face, thus causing more frictional heat. 
Chips of this type are severely deformed 
and have a characteristic curl. On the other 
hand, some materials, such as gray cast 
iron, lack the ductility necessary for appre- 
ciable plastic chip formation. Consequent- 
ly, the compressed material ahead of the 














tool can fail in a brittle manner anywhere 
ahead of the tool, producing small frag- 
ments. Such chips are termed discontinuous 
or segmented (Fig. 6). 

The cutting parameters also influence 
chip formation. Cutting parameters include 
tool materials, tool angles, edge geometries 
(which change due to wear, cutting speed, 
feed, and depth of cut), and the cutting 
environment (machine tool deflections, cut- 
ting fluids, and so on). Further complica- 
tions result from the formation of the built- 
up edge on the cutting tool. 

A built-up edge is work material that is 
deposited on the rake face near the cutting 
edge (Fig. 6c). It is the product of the local- 
ized high temperature and extreme pressure 
at the tool/chip interface. The work material 
adheres to the cutting edge of the tool (similar 
to a dead-metal zone in extrusion). Although 
this material protects the cutting edge, it also 
modifies the geometry of the tool. Built-up 
edges are not stable and will slough off peri- 
odically, adhering to the chip or passing under 
the tool and adhering to the machined sur- 
face. Built-up edge formation can often be 
eliminated or minimized by reducing the 
depth of the cut, increasing the cutting speed, 
using positive rake tools, or applying a cool- 
ant, but these techniques greatly increase the 
complexity of the chip formation process 
analysis. 


Mechanics of Machining 


Orthogonal machining has been defined 
as a two-component force system, while 
oblique cutting involves a three-force situa- 
tion. Figure 4(c) shows a free body diagram 
of a chip that has been separated at the 
shear plane. The resultant force R consists 
of the friction force, F. and the normal 
force, N, acting on the tool/chip interface 
contact area (length € times width w). The 
resultant force R’ consists of a shear force, 
F,. and a normal force, F,, acting on the 
shear plane area, А,. 

The forces R and A' are assumed to be 
equal, opposite, and colinear. Determination 
of these forces necessitates a third set that 
can be measured. A dynamometer, mounted 
in the workholder or the toolholder, can be 
used to measure F, and Р. This set has 
resultant R", which is equal in magnitude and 
colinear to the other resultant forces in the 
diagram. To express the desired forces (Fy, 
Fa, F, N) in terms of the dynamometer com- 
ponents F, and F, and appropriate angles, a 
circular force diagram is developed in which 
all six forces are collected in the same force 
circle. This is shown in Fig. 7. In Fig. 7. B is 
the angle between the normal force, N, and 
the resultant force R. It is used to describe the 
friction coefficient, p, on the tool/chip inter- 
face area, which is defined as F/N so that: 








тр = tan! — 


(Eq 7) 
N ý 


B= tan 
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Fig. 5 Strain on shear plane, y, versus shear plane angle, $, for three values of rake angle, a 
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The friction force, F, and its normal force, 
N. can be shown to be: 


F = F, sina + F, cosa (Eq 8) 
N = F, cosa — F, sin a (Eq 9) 
where 

Е = (Е? + Е)! (Eq 10) 
When the back rake angle, o, is zero, then F 
=F, and N = F.. 


The forces parallel and perpendicular to 
the shear plane can be shown (from the 
force circle diagram) to be: 


F, = F, cos à - F, sin ф (Eq 11) 
F, = Е, sin ф —F, cos 6 (Eq 12) 
The shear force, F.. is of particular interest 
because it is used to compute the shear 


stress on the shear plane. The shear stress, 
т,, is defined аз: 


= — (Eq 13) 


where A, = tw/sin ф. 
Recalling that / is the depth of the cut and 
w is the width of the workpiece, the shear 
stress is: 
_ F sin ф cos à —F, sin à 
Iw 


Я (Eq 14) 
For а given polycrystalline metal, this shear 
stress is a material constant that is not 
sensitive to variations in cutting parame- 
ters, tool material, or the cutting environ- 
ment. 

Some researchers are attempting to de- 
rive (predict) the shear stress, т,, and the 
shear direction from dislocation theory, but 
this has not yet been accomplished. Corre- 
lations of the shear stress with metallurgical 
measures, such as hardness or dislocation 
stacking fault energy, have been useful in 
these efforts. 

The cutting force, Р, is the dominant 
force in this system, and it is important to 
understand how it varies with changes in 
the cutting parameters. As shown in Fig. 8, 
the cutting forces typically double when the 
feed or depth of cut is doubled, but remain 
constant when speed is increased. In addi- 
tion, the forces will increase (and change 
direction) when the rake angle is reduced. 
More detailed information on the determi- 
nation of cutting forces can be found in the 
article "Forces, Power, and Stresses in 
Machining" in this Section. 
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Fig. 7 Circular force diagram for orthogonal chip formation (a), feed (b), and depth of cut (c) 


Forces, Power, and Stresses 


in Machining 


Paul H. Cohen, The Pennsylvania State University 


THE MODELING AND ANALYSIS of 
chip formation has been a continuing exer- 
cise over the past century. The metal cut- 
ting process is a unique and complex pro- 
duction process distinguished by: 





* Large shear strains, usually of the order 
of 2 to 5 (Ref 1) 

* Exceptionally high shear strain rates, 
typically from 10° to 10° s ! with local 
variations as high as 10” 57! (Ref 2, 3) 

* The rubbing of the tool flank over a 
freshly cut surface that is chemically 
clean and active 

* Many process and tooling parameters 
with a wide range of settings that can 
drastically alter the cutting process 

* A large number of metallurgical parame- 
ters in the workpiece that can influence 
its response to the cutting tool 





These factors and others make the modeling 
of metal cutting a difficult task that contin- 
ues to evolve over time. The models and the 
discussion presented in this article will at- 
tempt to explain the basic concepts of the 
many complex factors that influence the 
forces, power, and stresses in machining. 


Orthogonal Machining 


Although most production machining 
processes are oblique (that is, having three 
component forces), models of the orthogo- 
nal (that is, two force) machining of metals 
are useful for understanding the basic me- 
chanics of machining and can be extended 
for modeling of the production processes. 

Forces. The classical thin zone mechanics 
was developed for materials that yield con- 
tinuous chips with a planar shear process 
coupled with the following assumptions 
(Ref 4, 5): 


* The tool tip is sharp, and no rubbing 
Occurs between the tool and the work- 
piece 

* Plane strain conditions prevail (that is, no 
side spread occurs) 

© The stresses on the shear plane are uni- 
formly distributed 


* The resultant force, R, on the chip is 
equal, opposite, and colinear to the force 
R' at the tool/chip interface (Fig. 1) 


The modeling of the orthogonal cutting 
process defines two regions of deformation 
(primary and secondary), each described by 






Tool 











(a) 


(b) 





Fig. 1 The geometry (o) and forces (b) in orthogonal cutting 
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its own set of orthogonal forces, as shown 
in Fig. 1(6). Because these force compo- 
nents cannot be directly measured (except 
for the forces on the rake face of the tool 
when a = 0°), a dynamometer must be used 
to measure the primary (horizontal) cutting 
force, Р, and the tangential (vertical) force, 
Е,. Thus, the measured forces can be re- 
solved onto the shear plane through the 
shear angle, ф, and onto the rake face 
through the back rake angle, a. 

The shear angle, à. is the angle the pri- 
mary shear plane makes with respect to the 
horizontal motion of the tool. Although it is 
possible to observe and measure this angle 
in special experiments by using high-speed 
photography or the machining stages within 
a scanning electron microscope, ф is typi- 
cally computed by using a ratio of the depth 
of cut, t, to chip thickness. г... as follows: 


ui 
= tan! 
Ф [i 


е (Eq D 
sin a 


The shear strain necessary to shear the 
work material at this angle, ф, is: 








= tan (ф (Eq 2) 


Analyzing the primary shearing process in 
Fig. 1, the shear and normal forces on the 
shear plane can be written as functions of the 
measured horizontal and vertical (dynamom- 
eter) forces and shear angle, as follows: 


D (Eq 3) 


a) + cos b 





‚= F, cos à — F, sin à 


F, = Fe sin ф + Е cos à (Eq 4) 


Similarly, the forces on the rake face can be 
written as functions of the same measured 
force components and the tool back rake 
angle as: 


F= F sina + F, cosa 


(Eq 5) 


N-F,cosa Е, sina (Eq 6) 


‘The resultant force, R. which acts on the 
chip and is shown in Fig. I(b), can be 
written as the vector sum of the measured 
forces, the forces acting on the shear plane, 
or the forces acting on the rake face of the 
tool. Therefore: 





R-2u024FD)^ (Eq 7) 
В = (Е + Е)! (Eq 8) 
R= (Р? + NR (Eq 9) 


Energy of Chip Formation. During the 
cut, the total energy per unit time (or power) 
can be calculated simply as the product of the 
primary cutting force, Р, and the velocity of 
cut, V. However, because many parameters 
can be varied in the cutting process that 
change the total energy consumed, this ener- 
gy value is typically normalized by dividing 
by the rate at which material is removed. The 
material removal rate is calculated by multi- 
plying the area being cut (7 - w for the case of 
the plate of width w shown in Fig. la), by the 





velocity perpendicular to that area at which 
the material is removed (V in this case). Thus. 
the energy per unit time, or specific energy, м. 
can be calculated as: 


(Eq 10) 


The specific energy can be partitioned into 
four components (Ref 6, 7): 


ө Shear energy per unit volume, и, 

ө Friction energy per unit volume, ur 

ө Kinetic (momentum) energy per unit vol- 
ume, lim 

ө Surface energy per unit volume, t, 


The shear energy per unit volume can be 
calculated by substituting the energy per unit 
time necessary to shear the material in place 
of the total energy per unit time in Eq 8. Thus: 

PY, 
а = 

wV 
where V, is the shear velocity (where V, = 
V cos a/cos( — a), as defined in the article 
“Mechanics of Chip Formation" in this 
Section; see the discussion of shear angle 
measurement during orthogonal machin- 
ing). The shear energy per unit volume is 
the largest of the four components. typically 
representing more than 75% of the total. 

The friction energy per unit volume is con- 
sumed as the chip slides on the rake face of 
the tool. This component is very sensitive to 
cutting velocity and can be written as: 
FY, 

mV 

where V, is the velocity of the chip as it flows 
over the tool (У, = V sin ф/соѕ(ф — a), as 
defined in Eq 4 of the article Mechanics of 
Chip Formation" in this Section). 

The kinetic (momentum) energy per unit 
volume required to accelerate the chip is 
generally neglected but takes on increasing 
importance with very high speed machin- 
ing. It can be written as: 


и (Eq 11) 


(Eq 12) 


и, 


(Eq 13) 





where F is the momentum force = pV^twy 
sin Ф. where p is the density of the material 
being cut and y is the shear strain. 

Additional energy is required to produce 
a new uncut surface. The surface energy per 
unit volume needed to create t 
face can be written as: 


T:2Vw 2T 
му r 











u, (Eq 14) 
where T is the surface energy of the material 
being cut. This component is also generally 
neglected. 

"Therefore, for most machining applica- 
tions, the specific energy can be accurately 
estimated as: 





u= u, + itg (Eq 15) 


except at high speeds (above ~900 to 1200 
m/min, or 3000 to 4000 sfm) for which the 
kinetic specific energy should be included. 
Specific energies can be used to calculate 
the power per unit volume per unit time 
(specific horsepower) and are readily acces- 
sible for most engineering materials. They 
are a good measure of the difficulty in- 
volved in machining a particular material. 


Stress Distributions 
in Metal Cutting 


High shear and normal stresses occur 
both in the primary shear plane and on the 
rake face of the tool. This region of friction 
or secondary shear is critical in understand- 
ing the process mechanics and the wear of 
cutting tools. 

Stresses in the Workpiece. As discussed 
in the article " Mechanics of Chip Formation" 
in this Section, the fundamental mechanism 
of chip formation requires prior work harden- 
ing before the workpiece material reaches the 
shear plane. Experimental results have 
shown that the material is elastically de- 
formed at distances sufficiently far from the 
tool tip, As the material approaches the tool, 
the compressive stresses will begin to plasti- 
cally deform the workpiece material as shown 
in Fig. 2. Behind the tool tip, the stresses will 
be tensile. 

The distance of the elastic-plastic boundary 
from the tool tip will depend on tooling pa- 
rameters, cutting parameters, and workpiece 
material properties. In particular, the amount 
of prior strain hardening and the ability of the 
workpiece material to work harden will alter 
the magnitude of the stresses in the work- 
piece and will affect the placement of the 
elastic-plastic boundary. Materials with little 
prior strain hardening will extend their bound- 
aries farther out from the tool tip. 

Stresses on the Shear Plane. Consistent 
with the assumptions in the section 
“Forces” in this article, the shear plane is 
generally modeled to have uniform distribu- 
tions of both shear and normal forces over 
its entire area. The shear area, A,, is the 
arca of cut (A, = f° w) inclined at the shear 
angle ф. Thus, the shear area is: 


Ae тем 
А, 
Sino 














(Eq 16) 





sind 


The shear stress on the shear plane can then 
be calculated as follows: 


F, 
= 
А, 
Е. соф - F, sino 
wisn ф 
NES ILIA gy 
Tw 


and the normal stress can be computed 
similarly as: 


©, Shear angle for I 
strain-hardened І 
workpiece 


annealed 


1 
Shear angle for i 
workpiece I 
I 
1 


Forces, Power, and Stresses in Machining / 15 






















Elastic plast 
(annealed workpiece) 


Elastic-plastic boundary 
(strain-hardened workpiece) 


Compressive stress 






1 

1 
1 
1 





1 Tensile stress Workpiece 








Fig. 2 Stresses in the workpiece 




























































































Table 1 Shear stresses and 
specific horsepowers of selected 
engineering materials 
Shear — Specific 
stress, horsepower, Hardness, 
Material ps hpinJmim НВ 
Magnesium 28000 017 
1100 aluminum 
ЯЙОУ .... э-эк 16700 
6061-T6 aluminum 
alloy єз» <->» 3572 035 
2024-T4 aluminum 
alloy ... 250000 — 046 
Copper 44380 078 
60-40 brass. 247000 
65-35 brass. 50 000 
70-30 brass. $6940 0.59 > 
AISI 1020 steel. . 61500 0.58 150-175 
0.67 176-200 
AISI 1112 steel. .63500 05 150-175 
Туре 304 stainless 
steel л05 000 1.1-1.9 
Titanium .. 173500 19 





Source: Ref 2, 8 





Stress Distributions on the Rake Face. 
The nature of the tool/chip interface and 
the distribution of the shear and normal 
stresses are critical in understanding the 
cutting process and the performance of 
cutting tools. The high stresses, coupled 
with the high temperatures and large 

















m ‘Therefore, the stresses rely only on mea- strains in the chip adjacent to the tool fac 

SUL sured cutting forces (F, and F,), the geom- таке the secondary shearing process di 

` etry of the сш (гапа w), and the deforma- ficult to model. 

S in $ + F, cos $ tion geometry (4). Uniform Stresses on the Rake Face. The 
1* wisin Ф The shear stress, 7,, takes on a constant classical analysis of the forces and stresses 
аа " value for a particular material. Figure 3and — on the rake face assumes that Coulombic 

^ Е, sin? ф + F, sin ф cos ф (Eq 18) Table | provide typical values for a variety sliding friction is present and that the stress- 

tow of metals. es are uniformly distributed. Therefore, the 
coefficient of sliding friction is simply the 
v “ frictional force, F, divided by the normal 
e. force, N, acting on the rake face. Thus: 
L605 @ 4 
„Ж 5816 alloy Е 
180 z 1034 akc: 
Z fcc matrix metals 
1625-6 @ Ts " ina + F, cos a ea) 
# a = ki Е. соза - F,sina 
a ^ bcc matrix (steels) The coefficient of friction is velocity depen- 

3 dent, with increasing speeds yielding lower 

zw icone! 600 9, Же =" ed friction. 

" The area of contact on the tool/chip inter- 

H Steels = face is the product of the width of cut, w, 

i вбив £ апі the length of sliding contact, 6, as 

H 95 Annealed * 8640 8° $ illustrated in Fig. 1. Thus, the area of sliding 

A 52100 & contact on the rake face is: 
Tough pitch -brass & 1018 Arm Eq 20) 
Ша ux — € 7er 2024-76 aluminum [—- 0 4345 —lus d x a 
Pi m. Iron and the shear stress at the interface can be 
29 6061 T6 aluminum calculated as: 
25 | 172 F 
{оо aluminum | wi 
F, sin a + Е, cos a 

" 50 100 T50 200 250 300 350 400 i a= T а) 


Brinell hardness, НВ 


Fig. 3 shear stress variation with Brinell hardness for ferrous and nonferrous metals. Source: Ref 9 


Analogously, the normal stress on the rake 
face can be written as: 
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Fig. 4 Flow lines in a chip 
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These models have been found to be useful 
approximations of the behavior of the chip 
as it slides over the tool. However, there is 
a large body of experimental evidence to 


Workpiece 


Normal stress, o, 


Stress 






ing Process 


suggest that the stresses are not uniformly 
ibuted on the rake face. 

Nonuniform Stress Distributions on the 
Rake Face. The body of experimental evi- 
dence indicating the nonuniformity of the 
stresses on the rake face is extensive, using 
a wide variety of experimental techniques 
and observations. Perhaps the simplest ob- 
servation supporting this conclusion is the 
transfer of workpiece material to the tool as 
observed by the unaided eye, light micro- 
scope, or scanning electron microscope 
(Ref 10). The transfer of this material does 
not occur over the entire contact arcz 
near the tip of the tool. Experiments uti 
ing photography through transparent sap- 
phire tools (Ref 11), photoelastic tools (Ref 
12), quick-stop devices to observe metal 
flow in the chip (Ref 13), and other tech- 
niques have revealed the nonuniformity of 
the stresses. 

Quick-stop devices that separate the tool 
from the chip freeze the flow pattern of the 
material in the chip. Such studies have re- 
vealed two major regions on the rake face 
with respect to flow. When polished and 
etched, it is clear from the flow lines that the 
material near the tool tip is seized by the tool. 
This can be shown by the flow lines in Fig. 4, 
which run parallel to the tool face. The rest of 
the contact arca exhibits sliding contact. 

This concept of seizure is quite di 
from the standard notions of sliding friction. 
Because of the high interface temperatures 
and pressures, the material adjacent to the 
tool surface is almost stationary, and rela- 
tive shearing takes place in the chip. 
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Fig. 5 Model of stress distribution on tool during cutting. Source: Ref 14 


As originally developed by Zorev (Ref 14) 
and consistent with the empirical results 
presented, the stresses on the rake face are 
inherently nonlinear, as shown in Fig. 5. 
The normal stress is assumed to take on a 
maximum value, Cmax at the tip of the tool; 
the stress then decreases as a power func- 
tion of the distance from the tool tip to the 
point at which the chip leaves the tool (Fig. 
5). The shear stress is constant in the region 
of seizure and then decreases as a power 
function to the point at which the chip 
leaves the tool. 

The normal stress on the rake face is 
defined by: 


[EU (Eq 23) 


where o,,,, is the maximum normal stress 
at the tool tip (or x — €), € is the total length 
of contact of the chip on the tool, x is the 
distance from the point at which the chip 
leaves the tool to the point of interest, and n 
is the exponent. The normal force can be 
obtained by integrating the normal stress 
over the area of contact on the tool face: 


~= 


t 


N=] o wdx 
0 
owt е 
= — (Eq 24) 
Tin ө) 
The shear stress is more complicated to 





evaluate because the behavior of the chip 
material as it passes over the tool varies 
along the rake face. The region of seizure 
close to the tool tip must be modeled differ- 
ently from the region of sliding (Coulombic) 
friction. Over the region of seizure (fp 5 x = 
£). the shear stress has a constant value, т, 
because the chip material shears internally, 
as illustrated by the flow lines in Fig. 4. 

Over the sliding region, the shear and 
normal stresses are related by: 











T7 ши 
T= pass GLO" (Eq 25) 
Thus, the shear stress over the entire face 
can be conveniently expressed as: 


(xt t 
jou "M t (Eq 26) 





Osx 


т sx 





To determine the friction force, F, on the 
rake face, the shear stress given in Eq 26 
must be integrated over the area of contact. 
This yields: 


"| 


F = qw [6 + € + п)] 


“ t 
(Хи + | Twdk 
tr 
^ ! 


(Eq 27) 


s the length of seizure (that is, 





t— t9. 

Although such models are useful in un- 
derstanding the process, it is difficult to 
determine the lengths associated with sei- 
zure and sliding. Typically. a tool is ground 
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Fig. 6 Setups for turning (a), drilling (b), and milling (c) operations 


to restrict the total length of contact and the 
length of seizure determined by the flow 
lines, as detailed previously. 

From this simple orthogonal model, it is 
clear that the shear strength of the chip 
material, the relative amount of seizure, 
and other parameters will significantly alter 
the machining forces. Increasing shear 
strengths and lengths of seizure (for con- 
stant contact length) will increase the cut- 
ting forces. Therefore, the use of tool ma- 
terials with less propensity for chip seizure 
or the use of lubricants that decrease €, will 
lower the cutting forces accordingly. 


Power Consumption in 
Production Processes 


Although one may wish to describe the 
energy per unit volume needed to form the 
chip, machine tools are typically rated in 
terms of power. Unit (or specific) power 
values can be calculated by dividing the 
power input to the process, F.V, by the 
volumetric rate at which material is re- 
moved and then dividing this quantity by 
33 000 to convert to horsepower. The spe- 
cific power, P,, is a measure of the difficulty 
involved in machining a particular material 
and can be used to estimate the total cutting 
power, P. Typical specific horsepower val- 
ues are given in Table 1. 

The specific power is the power required 
to remove a unit volume per unit time. 
Therefore, the specific and total powers are 
related as follows: 


P= P,-MRR (Eq 28) 


where MRR is the material removal rate, or 
volume of material removed per unit time. 
The material removal rate can be computed 
as the uncut area multiplied by the rate at 
which the tool is moved perpendicular to 
the uncut area. As previously determined 
for a plate, the material removal rate is the 
uncut area, t - w, multiplied by the velocity 
of the tool, V. Thus, the cutting parameters 
and machine tool kinematics define the ma- 
teriai removal rate. There are many stan- 


dard sources for specific power values for a 
variety of materials. 

Unfortunately, machine tools are not 
completely efficient. Losses due to compo- 
nent wear, friction, and other sources pre- 
vent some power from reaching the tool. 
Therefore, the gross power, P,, needed by 
the motor can be defined as: 

Р, = T (Eq 29) 
л 
where т is the efficiency of the machine. 

Power in Turning. As with the plate, the 
total power required in a turning operation 
can be calculated as Р = P, · MRR. How- 
ever, the material removal rate must be 
redefined for turning. Consider the turning 
operation illustrated in Fig. 6(a), in which a 
billet of diameter D is turned with depth of 
cut d to diameter D,. The billet is rotated at 
N revolutions per minute, while the tool is 
fed at f, units (millimeters or inches) per 
revolution, which can be set directly on the 
machine. Recommended cutting speeds (in 
meters or feet per minute) are generally 
available from handbooks and can be con- 
verted to rotational speed where V = «DN. 
Suggested feeds are also available. 

The material removal rate has been de- 
fined as the uncut area multiplied by the 
rate at which the material is removed per- 
pendicular to the area. For turning, the area 
removed is an annular ring of outside diam- 
eter D and inside diameter D,. Thus, the 
uncut area is «(D^ — 29/4. The rate at 
which the tool is fed, fa (in unit distance per 
minute), is f, * N. Therefore, the material 
removal rate for turning is: 


т(р? — Dj) 
MRR = —— -fN (Eq 30) 
and the total cutting power is P, · MRR, 
which can then be adjusted for machine tool 
efficiency. 

The specific power and the material re- 
moval rate can also be used to estimate the 
main cutting force, F.. The total horsepow- 
er can be written as P = P, - MRR or as the 
product of the main cutting force multiplied 


by the velocity, as described for the plate in 
the section "Energy of Chip Formation" in 
this article. Equating these two equivalent 
expressions yields: 
ae P,: MRR 

Vv 


Power in Drilling. In Fig. 6(b), a drill of 
diameter D is rotated at N revolutions per 
minute and fed at f, (unit distance per rev- 
olution). The uncut area is the area covered 
by the drill, or D7/4, while the feed rate 
perpendicular to the area is f, = f, ' М. As 
with turning, recommended velocities, V, 
and feeds, f,, are available in handbooks 
and the literature. The cutting velocity is 
again related to the rotational velocity by V 
= «DN. The material removal rate is т D?/ 
4 - fm and the power can be calculated as: 


Р = P(aD'A- f, М) (Eq 32) 


Thus, the calculation of the material remov- 
al rate and the power is quite analogous to 
the case of turning. 

Power in Milling. For the milling opera- 
tion illustrated in Fig. 6(c), the cutter has 
diameter D with T teeth. The cutter is 
rotated at N revolutions per minute. Unlike 
turning and drilling, the table (tool) is in- 
dexed at a feed rate of fm (millimeters or 
inches per minute), which is set directly on 
the machine. However, the feed rate is not 
given in handbooks. Instead, the feed (in 
unit distance) per tooth, f, is specified 
because too large a cut with any tooth may 
damage the tooth and because different 
cutters may contain varying numbers of 
teeth. The feed rate is related to the feed per 
tooth by: 


fn = f° TN 


and the material removal rate is specified 
by: 


(Eq 31) 








(Eq 33) 


MRR = Uncut area · Feed rate 
MRR = (d- в), 
MRR = dwf,TN (Eq 34) 


The power required is therefore P, - MRR. 
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Factors Affecting Specific Power. The 
specific power is a material-related property 
that can be significantly altered by cutting 
parameters, prior strain hardening of the 
workpiece material, and the material and 
geometry of the cutting tool. 

The cutting velocity has a significant ef- 
fect on the specific power and/or energy 
because the coefficient of friction on the 
rake face is speed dependent. Increasing 
speeds decrease the friction (up to a point), 
thus decreasing the specific power through 
the frictional component of specific power 
(Fig. 7). 

The cutting tool material will also change 
the specific power due to changes in fric- 





tion. For example, under similar condi- 
tions, the coefficient of friction and there- 
fore the frictional component of the 
specific power will be lower for carbide 
tools than for high-speed steel tools. 
Therefore, the specific power will be high- 
er, resulting in higher cutting forces. The 
tool geometry will also play a role in 
determining the specific power. In partic- 
шаг, the back rake angle, а, will influence 
the friction and therefore the specific pow- 
er. Larger back rake angles will result in 
lower power and/or energy consumed per 
unit volume per unit time, provided the 
tool maintains its integrity. Figure 7 il- 
lustates this in the machining of brass. In 
addition, cutting tools (inserts) are avail- 
able in a variety of nose radii. The radius 
of the tool has been shown to change the 
specific power and cutting forces signifi- 
cantly with larger radii yielding higher 
specific power. 

Research has shown that ductile materi- 
als such as aluminum, brass, or copper will 
behave quite differently during machining, 
depending on the amount of strain harden- 
ing from prior processing. These materials 
have a great propensity for seizing the tool 
when in an annealed state, Cutting forces 
and specific powers are greater than for the 
same materials with significantly more work 
hardening. Thus, the processing history ofa 
metal is an important dete! ing factor for 
the specific power requirements. 
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Surface Finish and Surface Integrity 


Michael Field, John F. Kahles, and William P. Koster, Metcut Research Associates Inc. 


A PART SURFACE has two important 
aspects that must be defined and controlled. 
The first concerns the geometric irregularities 
of the surface, and the second concerns the 
metallurgical alterations of the surface and 
the surface layer. This second aspect has 
been termed surface integrity. Both surface 
finish and surface integrity must be defined. 
measured, and maintained within specified 
limits in the processing of any product. Stan- 
dards have been adopted for surface finish 
and are available in ANSI/ASME B46, 1-1985 
(Ref 1), A companion standard for sul 
texture symbols is ANSI Y 14.36-1978 (Ref 2 
The standard for surface integrity is ANSI 
B211.1-1986 (Ref 3). 











Surface Finish or 
Surface Texture 


Surface finish as described in Ref 1 is 
concerned with only the geometric irregu- 
larities of surf of solid materials and the 
characteristics of instruments for measuring 
roughness. Surface texture is defined in 
terms of roughness, waviness, lay, and 
flaws (Fig. 1): 








* Surface roughness consists of fine irreg- 
ularities in the surface texture, usually 
including those resulting from the inher- 
ent action of the production process, 
such as feed marks produced during ma- 
chining 

Waviness is a more widely spaced com- 
ponent of surf texture and may result 
from such factors as machine or work 
deflections. vibration, or chatter 

Lay is the direction of the predominant 
surface pattern 

Flaws are unintentional, unexpected, and 
unwanted interruptions in the surface- 
—for example, cracks, nicks, scratches, 
and ridges 





Both surface roughness and waviness can 
be measured by a variety of instruments, 
including both surface contact and noncon- 
tact types. By far the most universal tech- 
nique is to measure surface roughness with 
a stylus contact-type instrument that pro- 
vides a numerical value for surface rough- 
ness. Such instruments can usually provide 
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Fig. 1 Schematic of roughness ord waviness on a 
19. 1 „осе with unidirectional lay and one flaw. 
See Fig. 2 for detinition of R, and waviness height. 
Source: Ref 1 


an indication of roughness in terms of the 
arithmetic average, R, (Fig. 2a). or the root 
mean square (rms) value, R, (Fig. 2b). 

Surface texture symbols used for illus- 
trations and specifications are shown in Fig. 
3. Symbols for defining lay and its direction 
are shown in Fig. 4. 

Designations of Surface Roughness. 
Figure 2 illustrates some of the designations 
of surface roughness. The most common 
method of designating surface roughness in 
the United States is the arithmetical average 
R,. although the rms value A, is also used. 
The ratio between R, and R, varies with the 
manufacturing process producing the sur- 
face (Table 1). A preferred series of rough- 
ness values is given in Table 2. 

Surface Roughness Produced in Manu- 
facturing Processes. The predominant 
method of producing engineering surfaces is 
by a machining process, although some 
finished surfaces result from primary tech- 











niques such as casting, extruding, or forg- 
ing. Each surface-producing method has à 
characteristic surface roughness 
some of which are shown in Fig. 
finer finishes are generally produced by 
machining techniques. Traditional machin- 
ing techniques include chip removal pro- 
cesses (such as turning. milling, and ream- 
ing) and abrasive processes (such as 
grinding. polishing, buffing, and superfin- 
ishing). A variety of surface finishes can 
also be produced by nontraditional machin- 
ing techniques such as electrical discharge 
machining, electrochemical machining, or 
laser beam machining. Surface finish re- 
quirements for representative machine tool 
components and aircraft engine compo- 
nents are given in Tables 3 and 4, respec- 
tively. 

Surface Roughness and Dimensional 
Tolerances. Surface roughness is closely 
tied to the accuracy or tolerance of a ma- 
chine component (Table 5). A close-toler- 
ance dimension requires a very fine finish. 
and the finishing of a component to a very 
low roughness value may require multiple 
machining operations. For example, a 3.2 
pm (125 pin.) surface roughness can be 
produced by milling or turning. while a very 
fine (low roughness value) surface would 
require grinding or additional subsequent 
operations, such as honing. superfinishing, 
buffing, or abrasive flow. Therefore, speci- 
fying very fine finishes will normally result 
in increased costs (Table 5.) 

Theoretical Surface Roughness Pro- 
duced by Milling and Turning Tools. It is 
possible to calculate the theoretical surface 
roughness profile produced by milling cut- 
ters and lathe tools. Surface roughness cal- 
culations have been made for three of the 
most common cutting tool shapes. These 
tool shapes (Fig. 6) are designated as Type 
А, а sharp-nose milling tooth, and Types В 
and C, which are a round tool and a tool 
with a nose radius, respectively. Types B 
and C can be used for either milling (Fig. 6a) 
or turning (Fig. 6b). Calculations have been 
made of the theoretical surface roughness 
as a function of the feed, the tool radius, the 
end cutting edge angle (ECEA), and the side 
cutting edge angle (SCEA) (Fig. 6). The 
theoretical surface roughness obtained from 
these calculations represents the best finish 
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commonly produced by that particular mill- 
ing or turning tool and thus provides an 
indication of the minimum surface rough- 
ness possible with a designated tool shape 
and feed rate. The actual surface roughness 
may be poorer, because the surface is fur- 
ther degraded by a built-up edge that is 
usually formed as a characteristic of the 
machining process. Under some less com- 
mon occurrences, a finer surface finish than 
the theoretical is produced because of the 
wear of the cutting edge that produces the 
finished surface: the worn tool develops a 


Roughness average Я, AA, or CLA is 
=É 


J ide 


x-0 
where L is the sampling length and y is the ordinate. 
of the profile from the centerline. 





rms roughness В, 


which can be approximated as: 
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Maximum peak-to-valley roughness height Ry or Rmax 
is the distance between two lines parallel to the mean 
line that contacts the extreme upper and lower points 
on the profile within the roughness sampling length 


Ten-point height R, is the average distance between 
the five highest peaks and the five deepest valleys 
within the sampling length measured from a line 
parallel to the mean line and not crossing the profile. 
It should be 








Waviness height Wis generally a maximum peak-to- 
valley measurement of the total profile within a 
waviness sampling length minus the average peak-to 
valley roughness value within that length 





Some commonly used designations of surface texture. (a) Ra. (b) Ry. (c) R, ог. (d) R,- (e) W- Source: 


wearland that provides the tool with a wip- 
ing action, which tends to smooth out the 
theoretical surface irregularities. Surface 
roughness is sometimes improved in milling 
by providing the milling cutter with one 
additional finishing or wiper tooth designed 
to produce a broad finished machining path 
following the cutting action of the regular 
chip producing teeth in the cutter. 

The theoretical surface roughness pro- 
duced by a face milling cutter containing 
teeth with a zero nose radius is plotted in 
Fig. 7. The theoretical surface for turning or 
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face milling with round cutting edges is 
illustrated in Fig. 8, and the theoretical 
surface roughness for turning or face milling 
with a radius of 0.396 mm (0.0156 in.) and 
various end cutting edge angles is shown in 
Fig. 9. Numerical tables of the theoretical 


Table 1 Ratio of root mean square 
roughness to arithmetic average 
roughness 





Root mean square roughness. . exu, 
‘Arithmetic average roughness " R 
Theoretical ratio of sine waves, RR, .... 1 
Actual ratios of Ry/R, for various 








processes 
Turning 147 t0 126 
Milling 1.16 to 1,40 
Surface grinding .. 1.22 w 027 
Plunge grinding 1.26 to 1.28 
Soft honing 1.29 to 148 
Hard honing . + 180 00 2.10 
Electrical discharge machining 124 to 1.27 
Shot peening 124 to 128 

Practical first approximation of К/К, 
For most processes... 125 
For honing 145 

Source: Ref 





roughness produced by milling and turning 
tools as a function of the feed, end cutting. 
edge angle, and side cutting edge angle are 
provided in Ref 5. Table 6 gives the arith- 
metic roughness average. R, and the max- 
imum peak-to-valley roughness height, Ry, 
for turning and milling. 





Surface Integrity 


The specification and manufacture of un- 
impaired or enhanced surfaces require an 
understanding of the  interrelationship 
among metallurgy, machinability, and me- 
chanical testing. To satisfy this require- 
ment, an encompassing discipline known as 
surface integrity was introduced, and it has 
gained worldwide acceptance. Surface in- 
legrity technology describes and controls 
the many possible alterations produced in a 
surface layer during manufacture, including 
their effects on material properties and the 
performance of the surface in service. Sur- 
face integrity is achieved by the selection 
and control of ufacturing processes, 
estimating their effects on the significant 
engineering properties of work materials. 











Table 2 Preferred series of 
roughness average values (R,) 








um pin. ит win. 
0.012 0.5 125 50 
0.02512) Mal 1.6062) 6313) 
0.0502) Ua) 20 х 
0.075 3 25 100 
00а) а) уда) 12563) 
0.125 5 40 160 
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0200) Ма) 6.35) 25001) 
0.25 10 4.0 320 
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0.40) Hola) 12.562) 500a) 
0.50 20 15 60 
063 2 0 800 
0.80(a) 3x2) 25а) 100012) 
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à) Recommended. Source: Ref 2 
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Fig. 5 


Surface integrity involves the study and 
control of both surface roughness or surfa 
topography, and surface metallurgy. Both of 
these factors influence the quality of the ma- 
chined surface and subsurface, and they be- 
come extremely significant when manufac- 
turing structural components that have to 
withstand high static and dynamic stresses. 
For example, when dynamic loading is a 











Surface roughness produced by common production methods, The ranges shown are typical of the 
processes listed. Higher or lower values can be obtained under special conditions. Source: Ref 1 


principal factor in a design, useful strength is 
frequently limited by the fatigue characteris- 
tics of materials. Fatigue failures almost al- 
ways nucleate at or near the surface of a 
component; similarly, stress corrosion is also 
a surface phenomena. Therefore, the nature 
of the surface from both a topographical und a 
metallurgical point of view is important in the 
design and manufacture of critical hardware. 


Table 3 Typical surface finish requirements for machine tool components 








Surface finish required, Ry 

















Machining 
Part name (mates process um ш 
Quill (4145 H) 
End fac Mill 63 
Outside diameter Lathe 1.60 6 
Holes Drill 1.60 63 
Inside diameter Grind 0.40 16 
Cam (101) ....... s Grind 0.40-0.80 16-32 
Key lO AOTER Mill 32 125 
Holder (1018) > Mill 32 125 
Bracket (1018)..... = -.. Mill 32 195 
Plate (1018) а ырен Ө Ш 32 125 
Block (101®)........... inet .. Mill i2 125 
Junction block (1018) . Grind 1.60 63 
Ball screw (4150) 
Keyways. veniens sie aea yen Mill i2 125 
Outside diameter. a Turn 32 125 
à Se Seans Grind 0.80 2 
— Mill 32 128 
Diameters Grind 1.60 e 
Holes...... лола Drill 32 125 
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Table 4 Typical surface finish requirements for aircraft engine 



































components 
Surface finish requirements, R, 
Part name and material Operation кт nin. 
Fan disk (Ti-6Al-4V) and turbine disk (Inconel 718) 
Ultrasonic envelope ы Turned. 1.60 63 
General surfaces. * à Turned 1.60-3.2 63-125 
Bolt holes Reamed 0.80-1.60 32-43 
Dovetails. Broached 0.80-1.60 32-63 
Corner breaks. Mass media finished 0.80 2 
Compressor casing (M-152 stainless steel) 
Flowpath (inside diameter) Turned 1.60-3.2 63-125 
Outside (outside diameter), Milled 33 
Vane bores Bored 1.60 
Flange faces. x Turned 1.60 
High-pressure turbine blade (René80) 
Airfoil... . Tumbled 0.80 32 
Dovetail form Ground охо 2 
General surfaces Ground n 45 
High-pressure turbine vane X40 (cobalt base) 
Airfoil, convex Tumbled 0.61-0.80 24-32 
Airfoil, concave Tumbled Li 48 
Flowpath Tumbled 0.80 32 
General surfaces Ground. tumbled 0.80 E 
Turbine shaft (Inconel 718) 
Journals (chromium plated) Ground. 0.40 16 
Bolt holes Reamed 0.80 x 
General surfaces Turned 16032 63-125 
Fan blade (Ti-6AI-4V) 
Airfoil, conven Belt ground, tumbled 0.61-0.80 22 
Airfoil. concave Belt ground, tumbled 080-11 3245 
Dovetail Broached. 0.80 x 
Table 5 Classification of machined surface finishes 
Suitable for 
tolerance of Approximate 
Roughness. Ry plos or minus relative cost 
Chass um pin. mm in. ‘Typical method of producing finish to produce 
Super finish 0.10 a 0.0125 00005 Ground, microhoned. lapped 40 
Polish , 0.20 8 0.0125 00005 — Ground. honed, lapped м 
Ground. . 0.40 16 0.025 0.001 Ground, lapped 25 
Smooth 0.80 32 0080 — 042 Ground, milled Is 
Fine 1.60 63 0075 0001 Milled. ground, reamed, broached n 
Semiline. , 3.2 n5 0.100 — 0.004 Ground, broached. milled, turned 9 
Мейит... 63 250 0.175 0.007 Shaped. milled, turned 6 
Semirough. . 12.5 500 0.330 0.013 Milled, turned 4 
Rough m] 1000 — 0.615 0.025 Turned 2 
Cleanup so о 125 01080 Turned 1 





‘The importance of surface integrity is 
further heightened when high stresses occur 
in the presence of extreme environments. 
Heat-resistant. corrosion-resistant. and 
high-strength alloys are used in a wide va- 
riety of such applications. Typical alloys 
used in these applications include alloy 
steels with hardnesses of 50 to over 60 HRC 
and heat-treated alloys with strength levels 
as high as 2070 MPa (300 ksi). Additional 
materials include stainless steels, titanium 
alloys. and high-temperature nickel-base al- 
loys developed for high-temperature and 
corrosion-resistant applications 

Unfortunately, the alloys suitable for 
high-strength applications are frequently 
difficult to machine. The hard steels and 
high-temperature alloys, for example, must 





be turned and milled at low speeds, which 
tend to produce a built-up edge and poor 
surface finish. The machining of these al- 
loys tends to produce undesirable metallur- 
gical surface alterations, which have been 
found to reduce fatigue strength. Typi 
surface integrity problems created in metal 
removal operations include: 








ө Grinding burns on high-strength steel air- 
craft landing gear components 

* Untempered martensite in drilled holes in 
steel components 

* Grinding cracks in the root sections of 
cast nickel-base gas turbine buckets 

* Lowering of fatigue strength of parts pro- 
cessed by electrical discharge machining 

е Distortion of thin components 

















© Residual stress induced in machining and 
its effect on distortion, fatigue, and stress 
corrosion 


Surface Alterations 
The types of surface alterations associat- 
ed with metal removal practices are (Ref 6): 


Mechanical 


* Plastic deformations (as result of hot or 
cold working) 

€ Tears and laps and crevicelike defects 
(associated with built-up edge produced- 
in-machining) 

@ Hardness alterations 

* Cracks (macroscopic and microscopic) 

* Residual stress distribution in surfa 
layer 

ө Processing inclusions introduced 

© Plastically deformed debris as a result of 
grinding 

@ Voids, pits, burrs. 
inclusions in surface 


Metallurgical 


* Transformation of phases 

* Grain size and distribution 

* Precipitate size and distribution 
* Foreign inclusions in material 
e 
. 
е 





or foreign material 











Twinning 
Recrystallization 
Untempered martensite or overtempered 
martensite 
ө Resolutioning or austenite reversion 
Chemical 
Intergranular attack 
Intergranular corrosion 
Intergranular oxidation 
Preferential dissolution of microconstitu- 
ents 
Contamination 
Embrittlement by the chemical absorp- 
tion of elements such as hydrogen and 
chlorine 
€ Pits or selective etch 
* Corrosion 
Stress corrosion 





"Thermal 


* Heat-affected zone 

* Recast or redeposited material 

* Resolidified material 

e Splattered particles or remelted metal dc- 
posited on surface 








Electrical 


* Conductivity change 
* Magnetic change 
è Resistive heating or overheating 


The principal causes of surface alter- 
ations produced by machining processes 
are: 


* High temperature or high-temperature 
gradients developed in the machining 
process 

@ Plastic deformation 
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* Chemical reactions and subsequent ab- 
sorption into the nacent machined surface 
€ Excessive electrical currents 
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* Excessive energy den 
cessing 


s during pro- 


Virtually all material removal methods 
produce altered surface and subsurface con- 
ditions. The possible surface alterations re- 
sulting from various processes are summa- 
rized in Table 7. The mechanically and 
metallurgically altered zones produced by 
material removal processes may also extend 
into the surface to a considerable depth as a 
function of whether roughing or finishing 
conditions are used in the material removal 
process (Table 8). 

Surface Alterations Produced in Tradi- 
tional Machining Operations. Traditional 
machining methods, which are the princi- 





pal means of metal removal, include chip 
cutting (such as milling, drilling, turning, 
broaching, reaming, and tapping) and 
abrasive machining methods (such as 
grinding, sanding, and polishing). These 
machining operations can produce surface 
layer alterations when abusive machining 
conditions are used (Fig. 10 and 11). In 
general, abusive machining promotes high- 
er temperatures and excessive plastic de- 
formation. Gentle machining operations 
occur when a sharp tool is employed and 
when machining conditions result in re- 
duced machining forces. 

Surface Effects in Grinding. In grinding, 
there are five important parameters that 
determine gentle or abusive conditions: 
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Fig. B Theoretical surface roughness for turning or face milling tools with round cutting edges. Source: Ref 5 


wheel grade, wheel speed, downfeed or 
infeed, wheel dressing, and grinding fluid. 
As grinding parameters become more ag- 
gressive (that is, harder wheels, higher 
wheel speeds, increased infeed, and so on), 
the grinding process becomes more abusive 
and therefore more likely to produce sur- 
face damage. Gentle, or low-stress, grinding 
conditions for a variety of alloys are sum- 
marized in Table 9. 

Figure 12(а) illustrates the surface char- 
acteristics produced by the low-stress 
grinding of AISI 4340 steel quenched and 
tempered to 50 HRC. The low-stress condi- 









tion produced no visible surface alterati 
while the abusive grinding condition (Fig. 
12b) produced an untempered martensite 
layer 0.03 to 0.13 mm (0.001 to 0.005 in.) 
deep with a hardness of 65 HRC. Below this 
white layer there was an overtempered mar- 
tensitic zone with a hardness of 46 HRC. 
The hardness returned to its normal value at 
a depth of 0.30 mm (0.012 in.) below the 
surface (Fig. 12c). 

Abusive grinding also tends to produce a 
residual stress within the altered surface 
layer. A residual stress profile can be readi- 
ly obtained by using x-ray diffraction tech- 


niques both at the surface and then by 
stepping into the surface with repeated x- 
ray diffraction readings after successive 
surface etching. The abusive grinding pro- 
duced high tensile stresses in the altered 
zone, while low-stress grinding produced a 
surface with small compressive stresses 
(Fig. 12d). 

Fatigue tests conducted on flat specimens 
indicate that abusive grinding may seriously 
reduce the fatigue strength, as shown in Fig. 
12(e). In this example, the abusive grinding 
depressed the endurance limit from 760 
MPa (110 ksi) for low-stress grinding to 520 
MPa (75 ksi). 

Surface Alterations Produced in Non- 
traditional Machining Operations. Non- 
traditional machining includes a variety of 
methods for removing and finishing materi- 
als. Examples of nontraditional operations 
are electrical discharge machining, laser 
beam machining, electrochemical machin- 
ing. electropolishing, and chemical machin- 





ing. 

Electrical discharge machining (EDM) 
tends to produce a surface with a layer of 
recast spattered metal that is usually hard 
and cracked and porous to some degree 
(Fig. 13). Below the spattered and recast 
metal, it is possible to have some of the 
same types of surface alterations that occur 
in abusive or traditional machining practic- 
es. 

The effect is more pronounced when 
EDM is used under abusive or roughing 
conditions. Figure 14 shows a surface pro- 
duced by EDM under finishing and rough- 
ing conditions. Under roughing conditions, 
globs of recast metal are spattered onto à 
white layer of rehardened martensite. An 
overtempered zone up to 46 HRC is also 
found beneath the surface. The surface pro- 
duced under finishing conditions contains 
discontinuous patches of recast metal plus a 
thin layer of rehardened martensite 0.003 
mm (0.0001 in.) deep. 

Laser beam machining (LBM) tends to 
produce the same types of surface alter- 
ations as EDM. Figure 15 illustrates the 
heat-affected zone produced by LBM on 
Inconel 718. The intense heat generated by 
the laser beam resulted in a recast surface 
layer at the entrance and exit of the hole 
produced by the laser beam. 

Electrochemical machining (ECM) is ca- 
pable of producing a surface that is essen- 
tially free of metallurgical surface layer al- 
terations. However, when ECM is not 
properly controlled, selective etching or in- 
tergranular attack may occur (Fig. 16). Abu- 
sive ECM conditions also tend to degrade 
surface roughness (Fig. 17). 

Electropolishing (ELP) and Chemical 
Machining (CM). Surface softening is pro- 
duced on most materials by electrochemical 
machining as well as by electropolishing 
and chemical machining, also referred to as 
chemical milling. Figure 17 illustrates the 
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various ECEAs. Source: Ref 5 


surface softening produced by both gentle 
and abusive ECM on 4340 steel. The sur- 
face is about 5 HRC points lower in hard- 
ness than the interior to approximately 0.05 
mm (0.002 in.) in depth. With CM, the same 
steel had its surface softened by about 5 
HRC points to a depth of about 0.05 mm 
(0.002 in.) (Fig. 18). This softening may be 
severe enough and deep enough to affect 
the fatigue strength and other mechanical 
properties of metals and may necessitate 
postprocessing. 

Residual Stress. Machining processes 
impart a residual stress in the surface layer. 
In grinding, the residual stress tends to be 
tensile when more abusive conditions are 
used (Fig. 19). By using gentle grinding 
conditions, the stress can be reduced in 
magnitude and can even become compres- 


n or per tooth, mm 


Theoretical surface roughness for turning or face milling tools with @ radius of 0.39 mm (0.0156 in.) ond 


sive. In milling. the residual stress tends to 
be compressive (Fig. 20). In facing milling 
4340 steel (Fig. 20), the stresses arc tensile 
at the surface but go into compression be- 
low the surface. 

Distortion and residual stress are two 
related results from abusive machining con- 
ditions. In grinding, for example. a more 
abusive machining condition (such as an 
increase in downfeed) increases the distor- 
tion of the workpiece (Fig. 21) and creates 
more residual stress at the surface (Fig. 19). 
Figures 22 and 20 illustrate a similar relation 
in milling. As the machining condition be- 
comes more abusive with a duller tool. the 
distortion (Fig. 22) and residual stress (Fig. 
20) become greater. Residual stress and 
distortion thus exhibit the following rela- 
tion: The greater the area under the residual 





stress curve, the greater the distortion of 
the workpiece. 


Mechanical Property Effects 

The surface alterations produced by abu- 
sive metal removal conditions generally 
have a minor effect on the static mechanical 
properties of materials. A major exception 
to this, however, has been a marked de- 
crease in ductility and tensile strength on 
materials that have been processed using 
EDM, followed by stress-relief heat treat- 
ment. 

Ductility and Tensile Strength. Figure 
23 illustrates the change in ductility and 
tensile strength from an EDM application. 
It was found that a carbon deposit produced 
on the surface during the EDM operation 
was diffused into the grain boundaries dur- 
ing a subsequent stress-relief treatment and 
caused an excessive grain-boundary precip- 
itation of carbides. These precipitates were 
responsible for reductions in ductility and 
strength, the extent of which was found to 
be a function of surface roughness (Fig. 
23). Reductions in ductility as high as 80% 
were noted after the heat treatment of 
Inconel specimens that had been EDM- 
machined to a surface finish of 16.5 pm 
(650 pin.) Ry. 

Fatigue Strength. Surface alterations 
produced in machining are known to affect 
the fatigue and stress-corrosion properties 
of many materials. Extensive investigations 
have been performed оп high-strength 
steels, and data illustrating the effect of 
some machining methods оп fatigue 
strength are given in Table 10. The electro- 
polishing of 4340 steel resulted in a 12% 
decrease in fatigue strength compared to 
gentle grinding. Chemical machining of Ti- 
6Al-4V resulted in an 18% drop in fatigue 
strength compared to gentle grinding, while 
the electrochemical machining and electri- 
cal discharge machining of Inconel 718 pro- 
duced a 35% and a 63% drop, respectively, 
in endurance limit compared to gentle grind- 
ing. Generally, ECM, ELP, and CM pro- 
duce a stress-free surface. These surfaces 
exhibit reduced fatigue strength when com- 
pared to a gently ground surface because 
the fatigue enhancement by the compres- 
sive stress associated with low-stress grind- 
ing is not present. 

Effect of Grinding. Endurance limits vary 
with selected changes in grinding parame- 
ters (Fig. 24). When abusively grinding, 
there is a tendency to form patches or 
streaks of untempered martensite (UTM) or 
overtempered martensite (OTM) on the sur- 
face. It has been found that the presence of 
either one of these two microconstituents is 
usually associated with a significant drop in 
fatigue strength. For example, the presence 
of a depth of UTM as little as 0.01 mm 
(0.0005 in.) or as large as 0.09 mm (0.0035 
in.) produces a decrease in endurance limit 
from 760 MPa (110 ksi) down to 480 to 520 
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Table 6 Theoretical values for arithmetic roughness average, Ra, 


height, R,, for turning or milling with a Type C tool 


Tool nose radius = 0.40 mm (0.031 in.) 


and maximum peak-to-valley roughness 
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6.160. 1.3 46 1.7 63 19 69 2.4 8.0 2.1 KI 24 8.1 2i 8.1 21 Lal 
(0,008) (530) (194,0) (64.0) 0242.0) (66.0) (253.0) 066.0) (257.0) 466.00 (2570) (660) (2570) (660) (257.0) (66.0) (257.0) 
0,180... 1.5 54 20 74 22 8.2 2.6 9.9 26 10.0 26 10.0 2.6 10.0 26 10.0 
10,009) . 463.0) (230.0) (79.0) (294.0) (82.0) (312.0) (84.0) (326.0) (84.0) — (26.0) (84,0) (326.0) (84.0) 326.0) (84.0) (326.0) 
0.200. ... x 1.7 6.2 24 8.7 2.6 9.6 32 12.0 32 13.0 3.2 13.0 3.2 Bo 32 13.0 
(0.00 ...,... 073,0) (268.0) (94.0) (349.0) (100.0) (373.0) (103.0) (403.0) (103.0) (4030) (103.0) 0403.0) (103.0) — (403.0) (103.0) 1403.0) 
0250... 2.2 БА] 332 12.0 3.6 13.0 47 17.0 5.1 20.0 5.1 20.0 51 20.0 ENT 20.0 
(0.012) . 494,0) (344.0) (126.0) (462.00 (136.0) (5030) (149.0) (579.00 (149.0) (5820) (149.0) (582.0). (149.0) (582.0) (149.0) (582.0) 
0,300, Р эй 10.0 41 15.0 47 17.0 6.3 210 7.2 27.0 74 29.0 74 29.0 74 29.0 
(0,014) . (1150) (423.0) (1590) (581.0). (1740) (639.0) (202.0) (771.0) (204.0) (795.0) 1204.0) (795.0) (204.0) — (795.0) (204.0) (795.0) 
0.350... 34 13.0 5.0 19.0 57 21.0 79 29.0 9.5 36.0 10.0 40.0 10.0 40.0 10.0 40.0 
(0.016) . (436,0). (503.0). (192.0) (7040) (213.0) (781.0) (259.0) (975.0) (267.0) (1043.0) (267.0) (1043.0) (267.0) (1043.0) (267.0) (1043.0) 
0.400... z 3:9 15,0 59 220 68 25.0 9.6 35.0 10 440 140 540 14.0 54.0. 14.0 54.0 
(0.018) (458,0). (585,0) (2260) (830.0) (2530) (927.0) (319.0) (1189.0) (339.0) (1318.0) (339.0) (1326.0) (339.0). (13260) (339.0) (1326.0) 
0450... 4.5 17.0 6.9 26.0 79 29.0 „0 42.0 14.0 53.0 17.0 69.0 17.0 69.0 17.0 69.0 
(0.020) .... (180.0) (669.0) (261.0) (959.0) (294.0) (1076.0) (381.0) (1410.0) (417.0) (1609.0) (420,0) (1646.0) (420.0) (1646.0) (420.0) (1646.0) 
Ch Were 5.1 19.0 7.8 290 90 34.0 n. 48.0 17.0 62.0 22.0 85.0 22.0 88.0 22.0 88.0 
10.025) (236.0) (881.0) (350.0) (1291.0) (398.0) (1463.0) (543.0) (1992.0) (636.0) (2389.0) (665.0) (2613.0) (665.0) (2613.0) (665.0) (2613.0) 
0500... ove 63 24.0 97 360 10 42.0 17.0 62.0 82.0 31.0 1206 33.0 132.0 M0 1350 
(0.030) . 4293.0) (1099.0) (441.0) (1634.0) (506.0) (1865.0) (711.0) (2607.0) 432320) (972.0) (3842.0) (972.0) (3842.0) (972.0) (3842.0) 
0700.... 7.5 28.0 12.0 440 чо 51.0 21.0 76.0 102.0 42.0 158.0 46.0 183.0 48.0 192.0 
(0.035) .. (3510) (1321.0) (534.0) (19850) (615.0) (2277.0) (885.0) (3247.0) (1120.0) (4124.0) (1348.0) (5320.0) (1350.0) (5370.0) (1350.0) — (5370.0) 
10.040) ....... (409.0) (1545.0) (628.0) (2343.0) (726.0) (2698.0) (1063.0) (3906.0) (1377.0) (5055.0) (1783.0) (6940.0) (1808.0) (7253.0) (1808.0) 

(0.045) . (468.0) (1772.0) (723.0) (2706.0) — (839.0) (3127.0) (1244.0) (4583.0) (1640.0) (6020.0) (2263.0) (8684.0) (2355.0) (9456.0) (2360.0) 

10.050) (527.00 (2001.0) (819.0) (3074.0) (953.0) (3562.0) (1429.0) (5274.0) (1910.0) (7015.0) (2778.0) (10542.0) (2983.0) (11874.0) (3018.0) (12273.0) 
(0.060) (646.0) (2465.0) (1013.0) (3821.0). (1185.0). (4447.0) (1805.0) (6693.0) (2466.0) (9080.0) (3889.0) (14572.0) (4447.0) (17356.0) (4629.0) (18554.0) 





MPa (70 or 75 ksi) (Fig. 24). Typically. 
residual tensile stresses are involved in this 
condition. 

Retempering of the workpiece does not 
correct the problem. Although it tempers the 
UTM and reduces its brittleness, it does not 
restore the softening of the OTM to its prior 
condition. In addition, the tempering cycle 
does not reduce the residual tensile stresses 
formed in the abusive grinding operation. 

The effect on fatigue strength from EDM 
and grinding of aged Inconel 718 is illustrat- 
ed in Fig. After gentle grinding, thc 
Inconel 718 had an endurance limit of 410 
MPa (60 ksi). With either gentle or abusive 
EDM, the endurance limit dropped to 150 
MPa (22 ksi). 

The effect of ECM on the fatigue proper- 
ties of Ti-6Al-4V is shown in Fig. 26. The 
endurance limit after low-stress grinding 
was 460 MPa (67 ksi). The tests were con- 
ducted on flat specimens that were longitu- 
dinally surface ground to a surface finish of 
0.35 ит (14 pin.). Specimens that were 








electrochemically machined by a frontal or 
pocketing operation had an endurance lim- 
it of 410 MPa (60 ksi) for the same surface 
finish. When the titanium specimens were 
electrochemically machined by a trepan- 
ning operation, the endurance limit was 
reduced to 280 MPa (40 ksi), a 40% drop 
with respect to the low-stress grinding 
conditions. 

Improving or Preserving Mechanical 
Propei With Shot Peening. Shot pcen- 
ing provides the most practical technique 
for enhancing the mechanical properties af- 
fected by surface alterations. It is frequent- 
ly used in industry to improve the fatigue 
strength and stress-corrosion properties of 
most structural alloys subjected to harsh 
environments and high stress. Shot peening 
not only enhances the properties of gently 
machined materials but also improves the 
properties of metals that have been pro- 
cessed by machining techniques that tend to 
abuse or degrade fatigue strength and other 
mechanical properties. Shot peening param- 











eters should be selected to meet surface 
finish specifications. 

Fatigue properties can also be improved 
by other cold-work finishing processes, 
such as the burnishing of holes and the roll 
burnishing of fillets. The advantage of shot 
peening is that it can be applied to large 
surfaces and to contoured or irregular sur- 
faces. With shot peening, the magnitude 
and depth of the compressive stress layer 
can be regulated by controlling the type and 
size of the shot, the intensity, and the 
coverage. However, the compressive stress 
produced by shot peening can be reduced in 
service by prolonged exposure to elevated 
temperature. 

Improving Fatigue Strength. Shot peen- 
ing can improve the fatigue strength of 
machined metals (Table 11). On 4340 steel 
at 50 HRC, for example, shot peening im- 
proved the fatigue strength of a gently 
ground surface by 10% (Table 11). Shot 
peening after roughing EDM increased the 
fatigue strength to 130% of the gently 








ground level. Similar improvements in fa- 
ligue strength by shot peening occur on 
surfaces produced by ECM and ELP (Table 
1. 

Retarding Stress-Corrosion Cracking. It 
has been shown that the compressive 
stresses introduced by shot peening retard 
stress-corrosion cracking (Ref 14). For ex- 
ample. shot peening increased the stress- 
corrosion life of 4340 steel specimens that 
had been prestressed to 75% of the yield 
strength and exposed to 3.5% sodium chlo- 
ride solution at room temperature. Shot 
peening increased the life of gently ground 
specimens from 400 to 850 h (Fig. 27). On 
abusively ground specimens, shot peening 
increased the life from 200 to over 1000 h, 
while on an electropolished specimen, the 
life was increased from 300 to 400 h by shot 
peening. 

Abrasive tumbling is also an effective 
technique for improving fatigue and surface 
properties. Abrasive tumbling can be used 
to reverse unfavorable tensile stress by in- 
ducing a compressional stress in the surface 
layer. 








ng Surface 
ty Effects 
Ina systematic study of surface integrity. 
there are two recommended sets of data: a 
minimum data set and a standard data 
The minimum data set is used for initial 
screening and consists of measurements of 
surface texture, macrostructure, micro- 
structure, and microhardness alterations. 
The minimum recommended data set con- 
sists of the following (Ref 12): 














* Surface roughness measurement accord- 
ing to Ref | or a microtopographic map 

* Lay designation or photograph 

© Macroscopic examination at a magnifica- 
tion of 10x or less 

* Macroetch indications from die pene- 
trants or magnetic flux 

* Chemical etches 

* Microscopic examination of a cross sec- 
tion of the altered surface (cross section 
examination at 1000x preferred) 

* Indications of heat-affected zones and 
microhardness alterations 

* (Optional) A scanning electron micro- 
scope can occasionally supplement sur- 
face texture measurements with a series 
of photographs at increasing magnifica- 
tions (preferably 20, 200. 1000. and 
2000x ) 


The standard data set in measuring 
surface integrity consists of the above min- 
imum data set plus the following additional 
tests (Ref 12): 


* Residual stress profile or distortion mea- 
surements 
* Fatigue tests (screening only) 


Residual stresses in surfaces can be deter- 
mined with x-ray diffraction techniques. A 
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Table 7 Summary of possible surface alterations resulting from various 


material removal processes 



































R Roughness of surface UTM  Untempered martensite 
PD Plastic deformation and plastically deformed OTM Overtempered martensite 
debris ОА  Overoging 
L&T Laps and tears ond crevicelike defects RS Resolution or austenite reversion 
МСК Microcracks RC Recast, respattered metal, or vapor-deposited 
SE Selective etch metal 
IGA — Intergronulor attock HAZ Heat-offected zone 
1 Process | 
Conventional Nontraditional ——— 
AM | retreat l 
discharge ] Chemical 
Material Grinding machining machining machining. 
Nonhardenable 1018 ste ex R R R R 
PD PD MCK SE SE 
L&T RC IGA IGA 
Hardenable 4340 and D6ac stecls R R R R R 
PD PD MCK SE SE 
L&T MCK RC IGA IGA 
MCK UTM UTM 
UTM отм отм отм 
отм 
D? tool steel... „Ж R R к к 
PD Рр MCK SE SE 
LAT MCK RC IGA IGA 
MCK UTM UTM 
UTM OTM отм 
OTM 
Type 410 stainless steel (martensitic)... R R R R к 
PD PD MCK SE SE 
L&T MCK RC IGA IGA 
MCK UTM UTM 
UTM OTM отм 
отм 
Type 302 stainless stec) (austenitic) ..... К R R R R 
PD PD MCK SE SE 
LAT RC IGA IGA 
17-4 PH steel R R R R R 
PD PD MCK SE 
L&T OA RC IGA IGA 
OA OA 
250 grade maraging (18% Ni) steel R R R R R 
PD PD RC SE SE 
L&T RS NS IGA IGA 
RS OA OA 
OA 
Nickel and cobalt-base alloys. HAZ HAZ 
Inconel alloy 718 м R R R R 
René 41 PD PD MCK 5 SE 
usa L&T MCK RC IGA IGA 
IN-100 MCK 
Ti6ALAV HAZ HAZ 
R R R R 
PD PD MCK SE 
L&T MCK RC 
Refractory alloy TZM = R R R R 
L&T MCK MCK SE 
MCK 
Tungsten (pressed and sintered) R R R 
LAT MCK MCK 
MCK 


Source: Ref 7 





IGA 





residual stress profile requires a determina- 
tion of stress not only at the surface but also 
into the surface. This can be done by taking 
multiple x-ray readings after successive lay- 
ers are removed by etching. Full-reverse 
bending at room temperature using tapered 
flat specimens taken to 107 cycles is recom- 
mended for fatigue testing. 

Macroscopic examination involves some 
type of visual inspection for detecting v 
ble cracks and other surface defects. Die 
penetrants are generally applied to nonmag- 











netic materials, while magnetic particle in- 
spection can detect small cracks in magnet- 
ic materials. Parts manufactured from 
martensitic high-strength steels can be visu- 
ally inspected after a macroetch for evi- 
dence of untempered or overtempered mar- 
tensite resulting from grinding or machining. 
A dilute solution of nitric acid is usually used 
to etch the damaged areas so that they can be 
visually detected. Typically, untempered 
martensite appears white, and the overtem- 
pered areas appear darker than the back- 
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Table 8 Comparison of depth of surface integrity effects observed in material removal processes 














Т Maximum observed depth of effectia) С =} 
Electrical 
Turning өс Chemical Electrochemical Electrochemical dischurge Laser beam 
Property and type milling Drilling Grinding. machining machining grinding machining. machining 
of effect Condition — mm — m. — mm — im. — mm ш mm —im. т (m т — mm i wm ой. 
Mechanically altered material zones 
Plastic deformation... Finishingib) 0.043 0.0017. 0.020 0.0008. 0.008 0.0008 (c)  () (c) @  () чо t) tw) 
Roughingid) 0.076 0.0030 0.119 0.0047 0.089 00035 (б ©) — () © © @ (o (4) () (o 
Plastically deformed 
debris Finishing fy с) (c) б) 0.013 0.0005 (c) с с (c) (e f fh Wd (e ta 
Roughing ©) © ©) ©) 0.033 0003 (4) (с (о t) (e Ww о @  &) (© 
Hardness alteration(e). Finishing — 0.013. 0.0005 0.025 0.0010 0038 0.0015 0.025 0.0010 0.036 0.0014 0018 0,0007 0.025 0.0010 (c) te) 
Roughing 0.127 0.0050 0.508 0.0200 0.254 0.0100 0.079 0.003! 0.051 0.0020 0.038 0.0015 0203 0.0080 (c) (о) 
Microcracks or 
macrocracks, Finishing — 0.013. 0.0005. 0,013. 0.0005. 0.013 0.0005 — (c) — (c) — 0.008 0.0003 0,000 0.0000 0.013 0.0005 0.015 0.0006 
Roughing 0.038 0.0015 0.038 00015 0.229 0.0090 (с) (c) 0.038 0.0015 0025 0.0010 0.178 0.0070 0.102 0.0040 
Residual stress) Finishing — 0.152. 0.0060 — (c) — (c) 0.013 0.0005 0025 0.0010 0.000 0.0000 0.000 0.0000 0.051 0.0020 0.005 0.0002 
Roughing 0.356 0.0140 (c) — (c) — 0.318. 00125 0025 0.0010. 0.000. 0.0000 0000 0.0000 0.076 0,0000 (c 00 
Metallurgically altered material zones 
Reerystallization Finishing © © 003 0005 © © с © © ө (o ( ө t) 
Roughing © de) © © © © © б є@ WwW © с сб б («e (o 
Intergranular attack ... Finishing б о (O (о бс — (c) 0.00% 0000 0.008 0003 00€ 000 (X) о ( (o 
Roughing б о) чо б €) (бс) 0132 0000 0.038 0.0015 (c) w (о с с W 
Selective etch, pits, 
protuberances... Finishing — 0.010 0.0008. ер — (c) — 0.005 0.0002 0.015 0.0006 0.010 0.0004 0.003 0.000) ооз 0.005  () (0) 
Roughing — 0.025 0.0010 0.076 03000 0.010 0.0004 0.038 0.0015 0.064 0.0025 0,013 (0.0008 0,04] 0.0008 (c) (с) 
Metallurgical 
transformations... Finishing — 0.010 0,0004. 0.035 00015 0.013 00005 (c) — (c) — 0.000 0,0000 0.003 0,0001 0,015 00006 0.015 0.0006 
Roughing 0076 0.0030 0.508 0.0200 0.152 0.0060 — (c) — (c) — 0.005 0.0002 0.008 0,0003 0.127 0,0080 0.038 0.0019 
Heat-affected zone or 
есим! layers........ Finishing — 0403 0401 fe) — () 001 0047 б o (X) чо чо  «) 0.015 0006 0.015 0,000 
Roughing 0.025 0.0010 0.076 00030 0.318 0.0125 (ер 4) — d) — 4) чо deh 0.127 0,050 0.038 0.0015 


(а) Normal to the surtave. (by Finishing, gentle, or low:stress conditions. (c) No occurrences or not expected. (d) Roughing, off-standard. or abusive conditions. (c) Depth to point at which hardness becomes 


Jess thun * 2 points HRC (or equivalent! of bulk materi 
140 MPa (20 ksi) or 10% of tensile strength, whichever is greater. Source: Ref 8 


hardness (hardness converted from Knoop microhardness measurements}. (f) Depth to point at which residual stress becomes and remains lev thun 





ground material. A specific etching technique 
for detecting grinding damage in hardened 
steel is given in Table 12. 

Microscopic examination of a cross sec- 
tion of an altered surface is used to detect 
the following microstructural alterations: 











® Microcrac 

* Plastic deformation (a cross section par- 
allel to the lay is suggested) 

* Phase transformations 





* Intergranular attack 
* Micro defects such as laps and inclusions 
* Built-up edges or deposits of debris 

* Recast layers 

© Selective etching 

* Metallurgical transformations 

* Heat-affected zones 

These surface alterations can be detected 
by magnifying a cro: tion of an altered 
surface. A metallurgical mount holds thc 





Table 9 Low-stress grinding procedures 


‘Steels and nickel-hase 
high-temperature alloys(a) 





Grinding parameters Titanium. 





Surface grinding 
Wheel Я 
Wheel speed, m/s (sfmb) 

Downleed per pass. mm (in.) 


A46HV 
13-15 (2500-3000) 
0.005-0.01 3 (0,0002-0,0005) 


COOHY 
10-15 (2000-3000) 
0.005-0,013 (0.0002-0.0005) 








Table speed, m/min (тис) 12-30 (40-100) 
Crossfeed per pass, mm (in.) 1-125 (0.040-0.050) 
Grinding fluid Highly sulfurized oil id) 

‘Traverse cylindrical grinding 

Wheel AGUIV сону 





13-15 (2500-3000) 

0.005-0.013 (0.0002-0.0005) 
+ 20-30 (70-100) 

Highly sulfurized oil 


10-15 (2000-3000) 
0.005-0.013 (0.0002-0.0005) 
20-30 (70-100) 

(d) 


Wheel speed, m/s (sfmi(b) 

Infeed per pass, mm in.) d 
Work speed, m/min (sfmic) 3 
Grinding fluid .. i € 


(а) For a wide variety of metals (including high-strength steels. high-temperature alloys, titanium, and refractory alloys). Jowsstress 
prinding practices develop very low residual tensile stresses. In Some materials, the residual stress produced near the surface ys actually 
in compression instead ol tension. Ib! Lowestress grinding requires wheel speeds lower than the conventional 30 ms (6000 slm). To apply 
lowesttesy grinding. it would be preferable to have a variable-speed grinder. Bec inding machines do not have wheel-speed 
control. it is necessary to add а variable-speed drive or to make pulley modi Increased work speeds even above those 
indicated are considered to be advantageous for improving surface Integrity. (d) v fluid» should be nitrate [ree for health reasons 
Some manufacturers also prohibit cutting fluids with chlorine when machining titanium. Source: Ref 10 















test specimen, and a cross section of the 
altered surface is ground and polished. The 
edge of the altered surface is then examined 
under a magnifying instrument with a mag- 
nification factor of 500 to 1000x. 

When polishing the cross section of an 
altered surface, special techniques for 
mounting and polishing are used to reduce 
edge rounding. Edge retention is important 
because surface alterations are only about 
0.025 to 0.075 mm (0.001 to 0.003 in.) deep 
and because depth of field decreases as 
magnification factors increase. One tech- 
nique is to vacuum cast the metallurgical 
mount and to use special procedures for 
polishing. Polishing units with a horizontal 
specimen holder, which is rotated with a 
preselected force against various grinding 
and polishing surfaces, have also been suc- 
cessfully used for edge retention. An addi- 
tional mounting and preparation technique 
for edge retention is as follows (Ref 7 











* Samples are sectioned from the work- 
piece in a manner that leads to the least. 
possible distortion or burring. Band saw- 
ing or hacksawing is preferred. A mini- 
mum of 0.75 mm (0.030 in.) is then re- 
moved from the cut surface using a 120- 
grit silicon carbide paper on a low-speed 
polisher 

* Copper molds (or tubes), 31.8 mm (1% 
in.) in inside diameter by 70 mm (2% in.) 
high. arc placed on a pallet approximately 





t 
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Fig, 10 =} alterations produced rom drilling with dull tools. (c) Section perpendicular to the dril-hole axis in 
g. о 4340 steel (48 HRC). Abusive drilling produced a cracked untempered martensite surface alteration. Also 
ote the softer overtempered zone below the untempered martensite layer. (b) Cross section through a hole drilled in type 
410 stainless with a dull drill (1.5 mm, or 0.060 in., wearland). The drill broke down at the corner during the test and friction 
welded a portion of the high-speed steel drill bi! to the workpiece. The base metal exhibits o rehordened and subsequently 


avertempered zone as a result of the high localized heating. 


125 mm (5 in.) in diameter. The inner 
surface of the molds and the surface of 
the pallet are previously sprayed with a 
silicone releasing agent 

© After placing a metallurgical specimen in 
a mold, a mixture of epoxy resin, hard- 
ener, and pelletized aluminum oxide suf- 
ficient to produce a layer 6.4 to 9.5 mm 
(VA to ж in.) is poured over the specimen. 
The ratio of resin to hardener is 4 to 1. 
The amount of pellets added is in the 
range of 10 to 15 g (0.35 to 0.5 oz). The 
hardness or abrasive level of the pellet- 











20%. Source: Ref 9 


ized material used (low, medium, or high 
fired) is strictly a function of the alloy to 
be prepared and its hardness characteris- 
ис 

The pallet containing the molds is placed 
in a vacuum chamber at 10 to 100 Pa (1 
x 107 to 1 x 10°* torr) ta degas the 
mixture, thus improving the adherence 
of the epoxy and pellets to the surface of 
the specimen. When vigorous bubbling 
of the mixture decreases after vacuum 
impregnation, sufficient resin and 
hardener (4 to 1 ratio) is added to pro- 


duce a mount approximately 25 mm (1 
in.) high 


not greater than 20 ^C (70 °F) for approx- 

imately 10 h. Casting of the mounts is 

omplished during the latter portion of 
the laboratory workday so that curing 
occurs overnight 

e After curing. the mounts are placed in an 
oven at a temperature of 65 °C (150 ^F) for 
1 h, after which they are removed from 
the molds 

е Approximately 0.50 mm (0.020 in.) of stock 
is then removed from the as-mounted metal 
surface on a positive-positioning automatic 
polishing unit, using the side of a 25 х 330 
mm (1 х 13 in.) aluminum oxide 320-grit 
grinding wheel as the grinding medium 
Water is used as à coolant 

© Subsequent rough grinding is performed 
wet on silicon carbide papers or equiva- 
lent ranging from 240 to 600 grit 

* For steels und nickel- and cobalt-base sup- 
cralloys. the intermediate polish is per- 
formed on automatic polisher using à 
polishing cloth with a soft nap texture and 6 
ит diamond paste. The final polish is 
achieved using deep nap or pile cloth sim- 
ilar to billiard cloth with a suspension of 0.1 
yum or finer aluminum oxide in water, Ti 
tanium and refractory alloys require an 
etch-polish cycle (using a slurry of hydro- 
gen peroxide, water, and 0.1 рт or finer 
aluminum oxide), which is accomplished 
between a diamond polish and a final polish 
procedure. The final polish for titanium and 
refractory alloys is accomplished on a vi- 
bratory polisher using a deep pile cloth 
with a suspension of 0.1 jum or finer alumi 
num oxide in water 

e Samples are etched by swabbing. Exam- 
ples of some typical etchants used are 
given below 








4 е The mounts are cured at a temperature 
E 
Е 
© 
g 
3 
5 




















Material [ Л 





Ул HNO, and 98% denatured 
anhydrous alcohol 

100 ml. HCI. 5 p CuCl, 2H,0. 
and 100 mL. denatured 
anhydrous alcohol 

25 HF and 98% Н.О w 206 HE 
36€ HINO,, and 9557 HO 


Steels 


Nickel-hase alloys. 


Titanium alloys 





Guidelines for Material 
Removal, Postprocessing, 
and Inspection 


The following guidelines are meant 10 
serve only as general or starting recommen- 
dations for the machining of structural com- 
ponents. More detailed information on 
guidelines for surface integrity is given in 
Ref 16 

Data and experience indicate that these 
practices will lead to increased surface in- 
tegrity in some important applications. 
However, the current state of knowledge of. 
surface alterations is such that general rec- 
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Surfaces produced by the face milling of Ti-6Al-4V (aged, 35 HRC), (a) With gentle machining conditions, o slight white layer is visible, but changes in microhardness 
are undetected, 1000.» . (b) With abusive conditions, an overheated white layer about 0.01 mm (0.0004 in.) deep ond o plastically deformed layer totalling 0.04 


mm (0.0015 in.) deep are visible. 1000%. (c) Microhardness measurements show a total affected zone 0.08 mm (0.003 in.) deep fram abusive conditions. Source: Ref 9 
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Surface characteristics produced by the low-stress and abusive grinding of AISI 4340 steel. (a) Low-stress grinding produced no visible surface alterations. (b) The 
white layer shown from abusive conditions hos a hardness of 65 HRC and is approximately 0.025 to 0.050 mm (0.001 to 0,002 in.) deep. (c) Plot of microhardness 


alterations showing a total heat-affected zone of 0.33 mm (0.013 in.) from abusive conditions. (d) Plot of residual stress. (е) EHect оп fatigue strength. Source: Ref 11 


ommendations are not always applicable for 
all specific surface integrity situations. For 
highly critical parts, it is mandatory to make 
individual, specific evaluations. It is also 
important to note that these guidelines were 
formulated based on experience with struc 
tural surfaces as opposed to mating or bear- 
ing surfaces. However, many of these 
guidelines are also applicable to the mating 








surfaces of bearings, cams, gears, and other 
similar parts 

Surface integrity controls often result in 
increased manufacturing costs and de- 
creased production rates. Therefore, sur- 
face integrity practices should not be imple- 
mented unless the need exists. Process 
parameters that provide surface integrity 
should be applied selectively to critical 








parts or to critical areas of given parts to 
help minimize cost increases. 

These surface integrity guidelines are pri- 
marily intended for application to metal 
removal processes used for final surface 
generation rather than roughing cuts. It is 
important, however, to know the type and 
depth of surface alterations produced dur- 
ing roughing so that adequate provisions 
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Surface characteristics of AISI (quenched and temper 
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Surface characteristics of cast Inconel 718 (aged, 40 HRC) produced by EDM. (a) Finishing conditions produced a variable recast layer 0.005 mm (0.0002 in.) thick 
8605 (b) Roughing conditions produced оп extensively cracked variable recast layer up to 0.05 mm (0.002 in.). The random acicular structure is not related to 
(€) The recast structure has a hardness of about 53 HRC, ond slight averaging due to localized surface overheating was also noted. Source 
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red, 50 HRC) produced by EDM under finishing and roughing conditions. (a) Finishing conditions produce 
nsite. 620. (b) Roughing conditions produce globs of recast 


melol and a white layer of rehardened martensite 0.075 mm (0.003 in.) deep. 620%. (с) Microhardness measurements show a total heat-aHected zone approaching 0.25 mm 
(0,010 in.). Globs of recast and the white layer are at 62 HRC. An overtempered zone as soft as 46 HRC is found beneath the surface. Source: Ref 9 


Table 10 Effect of method of machini 


ing on fatigue strength 





Endurance limit in 
bending, 10” суйе 

















Аму Machining vperatim MPa m eme grinding, % 
4340 steel, 50 HRE Gentle grinding 703 102 100 
Electropolishing D » ss 
Abusive grinding: aM o ^t 
лчу. 32 HRC Gentle milling a80 70 ПЫ 
Gentle grinding 40 62 
Chemical milling 350 Ы 
Abusive milli 220 2 
Abusive grindin wi B 
Inconel 718, aged, 44 НЕС Gentle grinding $10 60 
Electrochemical machining 70 9 
Conventional grinding 165 м 
Electrical discharge machining 150 2 


Soutce: Ref 





can be made for establishing surface inte 
rity during finishing operations by removing 
damaged surface layers 

Abrasive Processes. Grinding distortion 
and surface damage can be reduced by 
using low-stress grinding conditions. Low- 
stress grinding conditions (Table 9) differ 
from conventional practices by employing 
softer-grade grinding wheels, reduced 


grinding wheel speed, reduced infeed rates. 
chemically active cutting fluids, and coarse 
wheel dressing procedures. Low-stress 
grinding and other guidelines should be 
used as follows: 


© Low-stress grinding should be used for 
removing the last 0.25 mm (0.010 in.) of 
material 





If low-stress grinding is required for fin 
ish grinding, then conventional grinding 
can be used to within 0.25 mm (0,010 in.) 
of finish size if the materials heing ground 
are not sensitive to cracking 

Alloys for high-stress applications, such 
as titanium and high-temperature nickel 
and cobalt alloys. should be finished with 
low-stress. grinding instead of conven- 
tional grinding 

Frequent dressing of grinding wheels can 
reduce surface damage by keeping the 
wheels open and sharp. thus helping to 
reduce temperatures at the wheel/work 
piece interface 

Cutting fluids, properly applied, help pro- 
mote surface integrity. As a general rule. 
at least 10 L/KW (2 gal./hp) per minute is 
needed 

Hand wheel grinding of sensitive alloys 
should be discouraged 

When abrasive cutoff is used. steps 
should be taken to determine the extent 
of the disturbed laver and to make proper 
stock allowances for subsequent cleanup 
by suitable machining 
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ng Process 


Surfaces from the laser beam drilling of Inconel 718 shown at magnifications of 185% (а) and 11605 (b). 
Note the grain structure in the heat-affected zones of the entrance (A) and the exit (B). Source: Ref 9 
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; Surface characteristics of Waspaloy 
Fig. 16 (aged, 40 HRC) produced by ECM, (oj 
Gentle conditions produce a slight roughening of the 
surface and some intergranular attack. (b) Abusive 
conditions produce severe intergranular attack. (c) Mi- 
crohardness is unaffected by the abusive conditions. 
Source: Rel 9 


* Controls for hand power sanders should 
be maintained 

* The relatively new high-speed grinding 
processes should not be used for finishing 
highly stressed structural parts unless а 
standard data set is developed 

€ Abrasive processing and especially finish 
grinding must be accomplished under 
Strict process control when employed for 
the manufacture of aerospace compo- 
nents 





Chip Removal Operations. For turning 
and milling, there are at least two very 
important steps that will improve surface 
integrity First, machining conditions 
should be selected that will provide long 
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le) 
Surfoce characteristics of 4340 steel 
Fig. 17 (оеп ond tempered, 30 HRC) pro- 


duced by ECM. (a) Gentle conditions produce slight 
surface pitting but no other visible changes. (b) Abusive 
conditions produce surface roughening but no other 
visible effect on microstructure. (c) Gentle and abusive 
conditions both produce o slight hardness loss at the 
surface, Source: Ref 12 


tool life and good surface finish, Second, all 
machining should be done with sharp tools 
Sharp tools minimize distortion and gener- 
ally lead to better control during machining. 
The maximum flank wear when turning or 
milling should be 0.13 to 0.20 mm (0.005 to 
0.008 in.). A good rule of thumb is to 
remove the tool when the wearland be- 
comes visible to the naked eye. Guidelines 
for other chip removal operations are as 
follows: 


* Rigid, high-quality machine tools are es- 
sential 

* All hand feeding during drilling should be 
avoided 
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i Surfoce choracteristics of 4340 steel (an- 
Fig. 18 шей, 31 t0 36 HRC) produced by CM. 
(a) Gentle conditions produce no visible surface effects 
and o surface finish of 0.9 pm (35 ріп), (b) Abusive 
conditions produce a slight roughening ond a surface 
finish of 3 рт (120 pin.) (с) Gentle and abusive 
conditions both produce a softening at the surface. 
Source: Ref 9 


© The wearland on drills should be limited 
to 0.13 10 0.20 mm (0.005 to 0.008 in.) 

ө The finishing of drilled holes is impera- 
tive. The entrance and exit of all holes 
should be carefully deburred and cham- 
fered or radiused 

è Special precautions should be taken 
when reaming holes in sensitive alloys 
The power feeding of power-driven ma- 
chines should be employed for the reaming 
of straight holes. On tapered holes (using 
power-driven machines), hand feeding is 
permissible. but power feeding is preferred 

ө All straight holes 7.9 mm (У in.) or 
larger should be double reamed, with а 
minimum metal removal of 1.2 mm (Ya 
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= id, 0.05 mm са 
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down leer 
o aw 010 018 00 05 0% 
Depth below su "m 
Wheel AOKRV 
Wheel speed. mimin (итп! 1800 (6000) 
Cross feed. mm/pass (пп. рах). 1.25 (0.080) 
Table speed (йитип 12 (40) 
Depth of (25 (0,010) 
Grinding Лик Soluble oil 11:20) 
Specimen size, mm lin.) 15» 19% 10K 
10.060 х à A 





i Residual stress from surface grinding of 
Fig. 19 DAC steel (56 HRC) 


in.) on the diameter. The operator should 
visually check the reamer for sharpness 
after each operation. At the first sign of 
chipping, localized wear, or average flank 
wear beyond specification, the reamer 
should be replaced. and the hole Should 
be inspected. In addition, regardless of 
the hole and reamer condition, а maxi- 
mum number of holes should be specified 
for reamer replacement 

Deburring and chamfering or radiusing 
should be used to remove all sharp edges 
Honing is an excellent finishing operation 
for developing surface integrity, A multi- 
stone head is preferred; heads with steel 
shoes and/or steel wipers are not recom- 
mended 

Boring can be used as a finish machining 
operation if roughness is within the man- 
ufacturing engineering limits. The tool 
weurland in finish boring should be limit- 
ed to 0.13 mm (0.005 in.), but it should 
often be far less than this in order to 
achieve the desired accu / and surface 
finish 


Electrical, Chemical, and Thermal Ma- 
terial Removal Processes. Guidelines for 
these processes are as follows 











* Whenever EDM is used in the manufac 
ture of highly stressed structural. parts, 
the heat-affected layer produced should 
be removed. Generally, during EDM 
roughing, the layer showing microstruc- 
tural changes. including a melted and 
resolidified layer. is less than 0.13 mm 
10.005 in.) deep. During EDM finishing. it 
is less than 0.025 mm (0.001 in.) deep 

e Surface integrity evaluations should be 
made when CM and ECM processes are 
used for finishing critical parts 
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Tool Т mm (4 in.) diam single-tooth face mill with 
Carboloy 370 1C-6) carbide 
End cutting edge an s 
eripheral clear 
Cutting speed. тїтїп 
Ит! 55 LIROI 
Feed. mmitooth 
(Л 0.125 (0.005) 





14 (0.040) 

1,9 40.750) 

Dry 

VS x 19 х (08 
10,060» % х 


Depth of cut. mm (int 

Width of cut. mm (in. 

Cutting Mind 

Specimen size, mm tin.) 
ам) 





Fig. 20 Residual stress from surface milling 4340 steel (quenched and tempered to 52 HRC) 


Мале, RID e When substituting ECM for other ma- 


chining processes, it may be necessary tà 

add postprocessing operations such as 

stec) shot or gl bead peening or me- 

2 chanical polishing. Some companies re- 

ош л quire the peening of all electrochemically 

= machined surfaces of highly stressed 

structural parts 

© Special cognizance should be taken of the 
surface softening that occurs in the chem- 

E ical and electrochemical machining of 
aerospace materials. Hardness reduction 
for CM and ECM range from 3 to 6 HRC 
points to a depth of 0.025 mm (0.001 in.) 
for CM and 0.05 mm (0.002 in.) for ECM. 
Shot peening or other suitable postpro- 
cessing should be used on such surfaces 
to restore mechanical properties 

ө Laser beam machining develops surfaces 
showing the effects of melting and vapor- 
ization. It is suggested that critical parts 
made by LBM be tested to determine if 
surface alterations lower the critical me- 
chanical properties 
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Postprocessing guidelines are given be- 
low: 
ө Cracks, heat-affected layers. and other det- 
rimental layers created during material re- 


Grinding fluid. 





Change in deflection versus wheel speed 
Fig. 21 i down feed in the surfoce grinding of 
DOAC мее! (56 HRC) 


tooth face mill with 
Carboluy X0 (C-6) carbide 
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Fig. 22 Change in deflection versus tool weorland 
g- for the face milling of 4340 steel 
{quenched and tempered to 52 HRC) 
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i Loss of tensile strength, ductility, and yield 
Fig. 23 еу versus surface finish of Inconel 
718 after EDM, Source: Ref 13 


moval processing should be removed from 
critically stressed parts. In addition to con- 
ventional machining. processes, chemical 











Surface Finish and Surface Integrity / 35 












































"m. t А NU Г 
| © Lowestuiss grind 
е Abusive grind, maximum UTM 001 
41 — T Abusive grine. maximum UTM 0 09 140 
| 
] 
® w | —] 126 
í Low stress аппа 
а 80 | | 
t 
8 | 
ia >l | 
i EEN E ин 
eet ieee aL A 
Scinter band з 
am rrr | D] 
| | Е 
| | | Fig. 26 
ms áo Ref 9 
w w w 
Number of evel 
Loss of fatigue strength from the abusive grinding of 4340 steel = 
Fig. 24 (һе and tempered to 50 HRC). Fatigue tests involved cantilever [- het 
bending at room temperature and zero mean stress. Source: Ref 9 Кышы 
0, 1 100 
е Gute EDM = 
m ч. | а Abusive EDM 
i | Е 
m | d 
= 
А 
iw f . 
X ` 
ial 
i т 
суйе i no 
Fig. 25 Ee of EDM ond grinding on the fatigue strength of Inconel, 718 
9. Fatigue tests involved cantilever bending at room temperature and zero 


mean stress. Source: Ref 9 


machining and abrasive flow machining are 
successfully used for this purpose 

€ Steel shot and glass bead peening as well 
às burnishing can be used to improve 
surface integrity 

ө The use of controlled shot peening prac- 
lices to restore the fatigue life of compo- 
nents processed by electrical, chemical. 
and thermal removal processes should be 
evaluated. Shot peening has been shown 
to be extremely effective in improving the 
fatigue life of specimens processed by 
ECM. EDM. and ELP (Table 11), Com- 
ponent tests are recommended to confirm 
the favorable trends shown in laboratory 
tests 

* Postheat treatments following material 
removal are of limited utility. Stress- 
relief treatments, used to soften the hard- 
ened layers produced during the grinding 
of steels, do not restore the hardness of 
overtempered layers present immediate- 
ly below the damaged surface layer. In 
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Efect of ECM on the fatigue strength of Ti-6Al-4V. Fatigue tests involved 
cantilever bending at room temperature and zero mean stress. Source: 
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ddition, heat treatment does not repair 
any cracks produced during material re- 
moval 

Abrasive tumbling is an effective tech- 
nique for improving surface properties. 
including fatigue. Abrasive tumbling can 
be used to reverse unfavorable tensile 
stresses by inducing a compression- 
stressed surface layer 

hing procedures should be employed 
for critical parts and assemblies to re- 
move all traces of cutting fluids. which 
may cause stress corrosion. Typi sus- 
pect compounds are sulfur compounds on 
aluminum- and nickel-base alloys and 
chlorine compounds on titanium alloys. 
Some companies use this precaution only 
for parts subjected to temperatures over 
260 °C (500 °F). For applications at less 
than 260 °C (500 °F). carefully controlled 
washing procedures are often used to 
remove the chlorinated and sulfurized 
cutting oils 

















and amplified to meet surfa 
quirements. Some inspection practices in- 
clude the following: 
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Linon 


EHect of shot peening on the stress-corrosion resistance of AISI 4340 
steel (50 HRC), Source: Ref 14 


Inspection practices should be reviewed 
e integrity re- 








e Microscopic examination, including mi- 


erohardness testing. is used on à sam- 
pling basis to determine the type of sur- 
face layer being produced and its depth. 
This method can be used to check for 
such defects as microcracks. pits, folds. 
tears. laps, built-up edge, intergranular 
attack, and sparking 











€ The white layer or overtempered martens- 


ite produced during the grinding of steels 
can be detected by immersion etching us- 
ing а 3 to 8% aqueous nitric acid solution 


* Magnetic particle, penetrant. inspection, 


ultrasonic testing. and eddy current tech- 
niques are recommended for detecting 
macrocracks 


© X-ray diffraction methods are available 


for detecting residual surface stresses 











Tool Wear and Tool Life 


L. Alden Kendall, Washington State University 


CUTTING TOOLS WEAR because nor- 
mal loads on the wear surfaces are high and 
the cutting chips and workpiece that apply 
these loads are moving rapidly over the 
wear surfaces. The cutting action and fric- 
tion at these contact surfaces increase the 
temperature of the tool material. which fur- 
ther accelerates the physical and chemi 
processes associated with tool wear. 
order to remove the unwanted material as 
chips. these forces and motions are neces- 
sary; therefore, cutting tool wear is a pro- 
duction management problem for manufac- 
turing industries. 

To successfully man: machining pro- 
cesses, production engineers and managers 
need to establish à system that: 


















* Selects the proper machine tools and 
cutting tools to produce the geometric 
features in a part being machined from a 
particular material 

* Ensures that the tool distribution system 
provides quality tools having the required 
geometry 

* Specifies the correct cutting velocity, 
tool feed rate, and tool engagements with 
the workpiece 

























€ Establishes on-line or off-line procedures 
to monitor the condition of the cutting 
tool and the quality of the surfaces ma- 
chined by the tool 

* Has maintenance procedures that ensure 
consistent machine tool operation 

ө Takes into account the cost of machine 
tool operation and tool use, permitting a 
clear idea of the economic objective for 
the machining system 





Such a system can provide the necessary 
information to determine when a tool should 
be changed. Unfortunately, there are many 
variables to consider; thus, it is not surprising 
that tool wear assessment and tool change 
decisions are difficult problems. 





The Wear Environment 


Cutting tool wear occurs along the cutting 
edge and on adjacent surfaces. Figure | 
shows a view of the cutting process in 
which the rake and clearance surfaces inter- 
sect to define the cutting edge. Figure 2 in 
the article "Mechanics of Chip Formation" 
in this Volume shows a similar view but 
adds the stress and strain states that are 





Rake angle, v 








present in the material and chip; Fig. 4 from 
the same article also shows the machining 
forces and velocities that produce this state 
of stress and strain. These are average 
forces and velocities. Cutting tool wear is 
localized on specific surfaces where stress, 
strain, velocity. and temperature are above 
critical levels. It is important to understand 
where these critical conditions exist and 
how they interact to cause tool wear. 

Wear Surfaces. Figure 2 shows how the 
sharp tool of Fig. | may wear. Along the 
rake surface, the chip motion and high 
normal stress have produced a wear scar 
called crater wear, Along the clearance sur- 
face. the tool motion and high normal stress 
have increased the area of contact between 
the tool and work, producing flank wear. 
Lastly. the cutting edge radius has in- 
creased. Figure 3 shows the characteristic 
wear surfaces on a turning tool insert, end 
mill, form tool, and drill. The cutting edge 
view shown in Fig. | and 2 is identified as 
section A—A in Fig. 3 

These figures show how the wear process 
changes the geometry of these different 
types of cutting tools. Flank wear decreases 
the diameter of the end mill as well as the 
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Fig. 2 typical wear surfaces 


Tool Wear and Tool Life 


Alden Kendall, Washington State University 


CUTTING TOOLS WEAR because nor- 
mal loads on the wear surfaces are high and 
the cutting chips and workpiece that apply 
these loads are moving rapidly over the 
wear surfaces. The cutting action and fric- 
tion at these contact surfaces increase the 
temperature of the tool material. which fur- 
ther accelerates the physical and chemical 
processes associated with tool wear. In 
order to remove the unwanted material as 
chips. these forces and motions are neces- 
sary: therefore, cutting tool wear is a pro- 
duction management problem for manufac- 
turing industries. 

To successfully manage machining pro- 
cesses, production engineers and managers 
need to establish à system that: 


@ Selects the proper machine tools and 
cutting tools to produce the geometric 
features in a part being machined from a 
particular material 

è Ensures that the tool distribution system 
provides quality tools having the required 
geometry 

è Specifies the correct cutting velocity. 
tool feed rate, and tool engagements with 
the workpiece 
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è Establishes on-line or off-line procedures 
to monitor the condition of the cutting 
tool and the quality of the surfaces ma- 
chined by the tool 

€ Has maintenance procedures that ensure 
consistent machine tool operation 

è Takes into account the cost of machine 
tool operation and tool use, permitting а 
clear idea of the economic objective for 
the machining system 


Such a system can provide the necessary 
information to determine when a tool should 
be changed. Unfortunately, there are many 
variables to consider; thus, it is not surprising 
that tool wear assessment and tool change 
decisions are difficult problems. 





The Wear Environment 


Cutting tool wear occurs along the cutting 
edge and on adjacent surfaces. Figure | 
shows a view of the cutting process in 
which the rake and clearance surfaces inter- 
sect lo define the cutting edge, Figure 2 in 
the article “Mechanics of Chip Formation™ 
in this Volume shows a similar view but 
adds the stress and strain states that are 
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Fig. 1 Chip, workpiece, and tool relationship 
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present in the material and chip; Fig. 4 from 
the same article also shows the machining 
forces and velocities that produce this state 
of stress and strain. These are average 
forces and velocities. Cutting tool wear is 
localized on specific surfaces where stress, 
strain, velocity, and temperature are above 
critical levels. It is important to understand 
where these critical conditions exist and 
how they interact to cause tool wear. 

Wear Surfaces. Figure 2 shows how the 
sharp tool of Fig. | may wear. Along the 
rake surface, the chip motion and high 
normal stress have produced a wear scar 
called crater wear. Along the clearance sur- 
face, the tool motion and high normal stress 
have increased the area of contact between 
the tool and work, producing flank wear. 
Lastly. the cutting edge radius has in- 
creased. Figure 3 shows the characteristic 
wear surfaces on a turning tool insert, end 
mill, form tool, and drill. The cutting edge 
view shown in Fig. | and 2 is identified as 
section A—A in Fig. 3. 

These figures show how the wear process 
changes the geometry of these different 
types of cutting tools. Flank wear decreases 
the diameter of the end mill as well as the 
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Fig. 2 Typical wear surfaces 


38 / Fundamentals of the Machining Process 


Corner — 
wear 


Flank 
wear 





Form tool 





Corner 
wear 


End mill 


Flank wear 
1 


sd E OO 
QV 


-Point wear 


Dri 


Rake surface 


Nose » 
wear | з, z^ 
Flank "a 
weat Crater woar 





Turning tool insert 
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depth of cut for a lathe tool. Both of these 
changes in the geometry of the cutting tool 
could produce out-of-tolerance dimen- 
sions on machined parts. The edge wear 
and crater wear on the rake surface alter 
the state of stress and strain in the cutting 
region, thereby changing cutting forces 
and the mechanics associated with the 
chip-making process. Severe geometric 
changes that decrease the angle between 
the rake and clearance surfaces can weak- 
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en the tool so that the edge may suddenly 
fracture. 
It should be apparent that the loi 





important role in determining the useful life 
of the cutting tool. Localized stresses on 
cutting tool surfaces are a major contribut- 
actor in regard to location and size of 
аг surfaces. 

Stresses on Tool Wear Surfaces. Figure 4 
shows the approximate distribution of normal 
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and shear stresses on the tool wear surfaces. 
The normal stresses, o,,. are caused by nor- 
mal forces acting along the rake surface. the 
cutting edge surface, and the clearance sur- 
face. In addition to the normal stresses, Fig. 4 
shows the shear stresses, т. that act along the 
surface of the tool and are associated with 
sticky and sliding shear processes. For the 
sticky zone, the normal force has a magnitude 
that results in a shear stress component that 
equals the shear yield strength, ,. of the 
strain-hardened workpiece material. Rather 
than sliding along the surface, the chip tends 
to adhere and periodically separate along 
shear fracture planes. The existence and size 
of this sticky zone is dependent upon the 
magnitude of the normal force and the friction 
coefficient along these surfaces. The sliding 
zones have friction forces and associated sur- 
face shear stresses that vary according to the 
normal force and coefficient of friction, The 
state of strain created by the shear stresses 
associated with the sticky and sliding zones. 
on the rake surface is generally called the 
secondary shear zone and is identified in Fig. 
1. Tool surface roughness and lubrication 
conditions affect the magnitude of these sur- 
face shear stresses. 

The primary shear zone shown in Fig. 1 
extends from the cutting edge to the surface 
nd is the zone where the chip material is 
stically deformed and sheared from the 
work material, The complex state of stress 
along the cutting edge is caused by the 
strain associated with the chip separating 
from the work and moving along the rake 
surface of the tool and the strained material 
that remains a part of the work material. 
This conflict between chip motion strain 
and stationary workpiece strain produces a 
plowing action by the cutting edge. Normal 
stresses can become very high and exceed 
the strength of the tool material, causing 
plastic deformation or fracture of the cut- 
ting edge. A sticky zone may not exist for 
certain cutting conditions; however, the 
plowing action along the cutting edge al- 
ways exists to some degree because it is 
impossible to create a cutting edge with no 
radius and with a primary shear zone that is 
a perfect plane. The magnitude of the state 
of stress in the cutting region also varies 
with time and creates a potential fatigue 
failure environment. 

Motion Along the Wear Surfaces. One 
way to increase machining productivity is to 
increase the volumetric chip removal rate. 
Volumetric chip removal rate is the product 
of the engagement area of the tool with the 
work material times the cutting velocity, V: 
thus. one option the process planner has is 
1o incre: the cutting velocity, This pro- 
ductivity gain must be balanced against 
sed tool wear caused by higher cut- 
g velocitie 

In the article “Mechanics of Chip Forma- 
tion" in this Volume, the chip velocity, Vo. 
and the shear velocity, У,, were shown to 
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be functionally related to the primary shear 
angle, ф, the rake angle, o. and the cutting 
velocity, V. The cutting velocity is the rela- 


tive velocity between the clearance surface of 
the tool and the work, while the chip velocity 
is the relative velocity between the chip and 
the rake surface of the tool. The magnitude of 
these two velocities and the related shear 
stresses at these interfaces determine the 
amount of thermal energy released per unit of 
contact area. The magnitude of the shear 
velocity causes a high strain rate in the pri- 
mary shear zone and in the sticky zone. The 
volume of material strained by this strain rate 
releases additional thermal energy. 

This thermal energy is the heat source 
that causes the temperature of the work- 
piece, cutting tool, and chip to increase. 
The productivity gain from increasing the 
cutting. velocity proportionately increases 
wear surface velocities, strain rates, and 
release of thermal energy, thus increasing 
the wear environment temperature. 

Temperatures in the Wear Zones. The 
difference between the thermal-energy re- 
lease rate and the thermal-energy dissipa- 
tion rate determines the temperature of the 
material in these wear zones. Thermal-en- 
ergy dissipation is a function of the thermal- 
conductivity properties of the tool material 
and workpiece material. Additionally, the 
workpiece size and specific heat determine 
the workpiece heat capacity; to a lesser 
extent, the surface area plays a role in 
convective-heat transfer to the surrounding. 
air. Ifa cutting fluid is used, its conductivity 
and convective-heat transfer boundary co- 
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Fig. 6 Generalized temperature distributions in the cutting region 
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efficient with the hot tool and workpiece 
play an important role. 

The development and ultimate selection 
of tool materials are based on the ability of 
the tool to maintain hardness, toughness, 
and chemical stability at high temperatures. 
Even with the best of tools, these properti 
eventually adversely change with increasing 
temperatures. Figure 5 shows the change in 
yield strength as the temperature changes 
for three common cutting too] materials. 

There have been many studies of temper- 
atures in the cutting tool. Most commonly. 
average temperature conditions are appro 
imated using the following type of relation- 


ship (Ref 2): 
үһү 
т=н {— 
(im) 


where T is the mean temperature (^F) of 
tool-chip interface, v is the specific cutting 
energy, Which is the energy used per unit 
volume of material removed, V is the cut- 
ling speed, / is the undeformed chip thick- 
ness (see Fig. 1), and А, p, c are the con- 
ductivity, density, and specific heat, 
respectively. of the workpiece material. 

Figure 6 shows a typical temperature 
distribution. The high temperature gradient 
can cause portions of the tool to be at 
dangerously high temperature levels, well 
above the mean temperature. The mean 
temperature relationship identifies the im- 
portant variables and their effect on temper 
ature. High-strength work materials have 
high values of specific cutting energy. Si 
of these materials, such as titanium, are also 
poor conductors and are of low density. 
This combination of conditions results in 
higher tool temperatures, and the cutting 
tool material used must maintain ils hard- 
ness and strength at these temperature lev- 
els if it is to have a useful service life. 

Coolants are a mixture of lubricating and 
heat dissipation constituents: however, 
their primary function is to cool the tool. 
The lubricating component becomes more 
important at lower cutting speeds where 
there is less heat generated but a greater 
tendency for the chip and work material to 
adhere to the surfaces of the tool, More 
detailed information on machining coolants 
can be found in the article “Metal Cutting 
and Grinding Fluids" in this Volume. 

Combining these temperature effects with 
the state of stress, strain rates, and material 
motion makes the wear zones of the tool a 
complex battleground in which these condi- 
tions interact to trigger the mechanisms that 
cause wear. 
































Material scientists and engineers have 
documented many volumes of information 
on wear. One important area of concern in 
these studies has been the identification of 
wear mechanisms. What has emerged is 
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that a particular wear mechanism is depen- 
ent upon the contact stress, relative veloc- 
ities at the wear interface, temperature, and 
physical properties of the materials in con- 
tact. 

For à particular set of contacting materi- 
als, wear mechanism maps have been used 
to identify the ranges of normal pressure 
and velocity that result in a particular wear 
mechanism (Ref 3). Figure 7 shows the 
general structure of such a map when the 
area of the contacting wear surface remains 
constant. Temperature is not a mapped 
variable: however, it is a variable that is 
dependent upon the pressure (normal 
stress), velocity, and size of the wear sur- 
face, as discussed in the previous section. 
The four broad classes of mechanisms 
shown in Fig. 7 are: 











* Seizure 

* Melt wear 

© Oxidation/diffusion-dominated wear 
© Plasticity-dominated wear 


Cutting tool wear research has estab- 
lished similar maps for feed rate, which is 
related to pressure for a given engagement 
condition, and velocity (Ref 1). The dashed 
lines in Fig. 7 show some possible bound- 
aries that could be used to define a safe 
operating zone. This overlay of the two 
maps provides a framework to discuss the 
progressive wear and failure conditions for 
cutting tools. 

Initial Wear Mechanisms. The two ma- 
terials in contact have surface roughness 





9. 7 Wear mechanism maps and safe operating regions for cutting tools. Source: Ref 3 


irregularities in the form of protrusions or 
asperities. At the interface, asperities from 
the two materials touch, creating tiny con- 
tact areas, The total area from these contact 
points is a fraction of the projected area of 
the contact surface. The stresses and h 
are intensified in the asperities, and partial 
removal may occur due to seizure accom- 
panied by fracture of the asperity or melting. 
in the asperity. As these asperities are re- 
moved, the initial sui roughness is al- 
tered and the contact area inc «Ifthe 
force conditions remain unchanged, pres- 
sure decreases and the active wear mecha- 
nisms change to plasticity and/or mild oxi- 
dation/diffusion dominated wear. This 
initial wear period creates small, visible 
wear surfaces. 

Steady-State Wear Mechanisms. A ve- 
locity and normal stress condition that 
would continue to cause seizure and melt 
should be avoided because it would soon 
cause complete failure of the cutting tool. 
Assuming that such conditions do not exist, 
the wear surfaces get progressively larger. 
If the wear surfaces are plasticity dominat- 
ed, small particles of material are mechani- 
cally deformed and fractured away from the 
wear surface. Generally called abrasion. 
this is the most common wear process along 
the clearance surfaces of most tools. 

As discussed earlier, normal stress and 
temperature vary over the wear surfaces so 
that a plasticity mechanism that dominates 
in one wear zone may not dominate in 
another. Figure 6 indicates that the maxi- 
































mum tool surface temperature occurs on the 
rake surface a small distance from the cut- 
ting edge. This is Where the crater wear 
condition occurs, with diffusion wear often 
being the dominant mechanism (Ref 4). The 
high temperature and pressure cause aloms 
to move between the contacting materials, 
and this diffusion process locally aids in the 
removal of tool material to form the crater. 
In very hard cutting tool materials, such as 
ceramics, for which high cutting velocities 
are commonly used, these oxidation and 
diffusion mechanisms may be responsible 
for a majority of the wear. 

A built-up edge (BUE) condition, which 
is indicated by a dashed line in Fig. 7. 
affects the process in two ways. Near the 
cutting edge. the higher pressures could 
cause particles of work material to adhere 
to the cutting tool in the sticky zone. If the 
shear forces due to chip movement are high 
enough. the bond will be temporary and the 
adhered material will fracture away from 
the tool surface. When it fractures, small 
particles of tool material may be removed 
with the previously adhered material. This 
then is a wear process and would be asso- 
ciated with conditions in the safe zone just 
outside the built-up edge line. The second 
effect on the process occurs when the BUE 
is not fractured away by the chip motion 
and remains to alter the geometry of the 
cutting edge. The presence of the BUE 
changes the shear angle, causing instabili- 
lies in the chip-forming process and damage 
1o the machined surface. The lubricating 
characteristics of cutting fluids are helpful 
in eliminating this BUE condition. A discus- 
sion of the BUE condition can also be found 
in the article “Mechanics of Chip Forma- 
tion" in this Volume. 

Wear can also occur as chipping along the 
cutting edge. Such chipping more common- 
ly occurs when the cutting edge intermit- 
tently removes chips. This results in cyclic 
impact and thermal loading of the cutting 
edge. These two cyclic loading states can 
initiate small cracks and then propagate 
these cracks or other residual cracks to 
form the chips. 

‘These abrasion, oxidation. diffusion, and 
chipping wear mechanisms that occur at 
operating conditions within the safe zone 
shown in Fig. 7 cause the initial wear si 
faces to enlarge over time. surface life 
period is often referred to as the steady- 
state wear period 

Tertiary Wear Mechanisms. The steady- 
state period of wear eventually enlarges the 
wear surfaces to a critical size that triggers 
accelerated wear. In tools that have a hard, 
wear-resistant Coating such as titanium ni- 
tride. weur through this coating or separa- 
tion of small volumes of the coating (Fig. 
8a) exposes the less-resistant core material 
(Fig. 8b). resulting in accelerated wear. The 
pressures and velocities on these enlarged 
surfaces begin increasing the temperature 
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Fig. 8 Delamination of titanium nitride coating from HSS end mill. (a) 940%. (b) 4700x. Source: Ref 5 


so that the rapid oxidation/diffusion and 
local seizure or melting conditions shown in 
Fig. 7 exist, causing rapid destruction of the 
tool, A similar vulnerability exists for the 
softer, core material of coated tools. A tool 
change must be made before this point is 
reached. Figure 9 shows these three zones 
in terms of amount of wear over time. 

Asa final factor complicating wear mech- 
anisms, there is a growing trend toward 
high-speed machining. This means cutting 











Wear measure. W 





velocities five to ten times normal speeds 
are used. New tool materials and machine 
tool designs have made this possible; how- 
ever, these changes alter the wear environ- 
ment. Proportionally more thermal energy 
is removed by the chip due to the decrease 
in contact time between the tool and the 
chip. The higher velocities increase abso- 
lute temperatures on tool wcar surfaces. 
Abrasive wear may become less important, 
and the diffusion and oxidation processes 
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Fig. 9 Tool wear curves for different cutting velocities 
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dominate in creating and enlarging the wear 
surfaces. See the Section **High-Productivi- 
ty Machining” in this Volume for informa- 
tion on high-speed machining practice, 


Machine, Cutting Tool, and 
Tool Wear Interactions 


Tool wear, too, is influenced by the con- 
struction of the tool; the rigidity of the tool, 
workpiece, and machine tool system; and 
the proper positioning of the tool. Other 
Sections of this Volume provide informa- 
tion on tool materials, different machining 
processes, and the mechanics of the cutting 
process. The information and suggestions 
given in these Sections must be followed in 
order to avoid some undesirable tool wear 
side effects. A number of these effects are 
emphasized in this article. 

Cutting tools may be made of high-speed 

steel; high-speed steel coated with a thin, 
hard surface; or cemented carbide materi- 
als. As mentioned earlier, the coated mate- 
rial provides good wear resistance until the 
hard coating is removed, exposing the soft- 
er core material. The cemented carbides are 
very hard, but brittle, and have a lower 
thermal conductivity than high-speed steel. 
Inserts may easily fracture if the mechanical 
attachment to the insert toolholder does not 
firmly hold the insert. An insert cannot 
easily dissipate heat through the attachment 
interfaces to the more massive toolholder; 
this situation could cause unacceptably high 
temperatures in the insert. Carbide inserts 
that are brazed in place are better supported 
and dissipate heat better; however, they are 
still susceptible to fracture failures caused 
by impact or cyclic loads. At times, the 
application requires small cutting tools and 
tool inserts. In such instances, thermal 
overload and fracture failures can be avoid- 
ed by decreasing cutting velocities and feed 
rates, reducing the size of cut, and/or in- 
creasing the coolant flow rate. 
Sometimes tool wear is excessive even 
when the recommended cutting conditions 
are used. The cause of the problem may be 
the rigidity of the machine tool and 
workholding fixture. An older machine tool 
or one that has not been properly main- 
tained can cause vibrations at the tool that 
accelerate the breakdown and wear of the 
cutting edge. 

Even with a well-maintained rigid ma- 
chine and workpiece tem, improper po- 
sitioning of the tool can cause tool wear 
problems. Excessive overhang of the tool 
can cause dynamic instabilities similar to 
those mentioned above. In the cutting zone, 
the cutting edge must be positioned so that 
clearance surfaces do not rub against the 
machined surface. For a single-point cutting 
tool, this requires correct alignment of the 
point of the tool with the rotating workpiece 
centerline and careful positioning of the 
rake and flank surfaces so that correct an- 
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gles exist between the tool surfaces and the 
workpiece surfaces. Each type of machin- 
ing operation has such specifications, and 
the tool engineer should ensure that they 
are followed when tooling setups are made. 

Understanding the tool service environ- 
ment and the conditions that cause wear is 
the first step in planning and controlling of 
tool use in machining. Unfortunately, re- 
search and development efforts in tool wear 
have not progressed to the point that the life 
of a cutting tool can be predicted using basic 
tool and work material properties plus fun- 
damental science and engineering princi- 
ples. Too! replacement decisions are depen- 
dent on predicting or sensing the magnitude 
of the wear damage caused by the active 
wear mechanisms on critical wear surfaces. 








Tool Replacement 


Tools are replaced to minimize the prob- 
able consequences of a failure event. The 
tool wear environment is so complex that 
even with the utmost care it is possible that 
the tool may fail in service. A very conser- 
vative strategy may replace the tool fre- 
quently to reduce the probability of an 
in-process failure, but, as a consequence, 
interrupt the process so frequently that pro- 
ductivity decreases and tool costs increase. 
To establish the strategy objectively, a clear 
understanding of the failure event must be 
agreed upon, and suitable data concerning 
tool performance and operating costs must 
be available. 

Tool Failure Events. The steady-state 
wear process removes material gradually 
until damage reaches a critical level. Wear 
beyond this level is considered damaging to 
the process and represents a failed state for 
the tool based on wear. This is called a wear 
failure event. 

The wear environment also weakens the 
tool so that sudden variations in tool ther- 
mal and/or mechanical loading can cause 
rapid destruction of the tool cutting surfac- 
es. These sudden variations can come from 
interrupted cuts, hard spots in the work 
material, or sudden loss of coolant in the 
cutting region. Sudden destruction can also 
be caused by residual defects in new tools. 
Even a new tool with no residual defects 
can be destroyed if the abrupt load changes 
are large enough. This second failure state 
is called a catastrophic-failure event. 
re event consequences are depen- 
dent on the type of feature being machined. 
the quality specifications associated with 
the feature, and the production economics. 
The type of feature determines the type of 
machine and tool used for processing. A 
feature such as a small-diameter hole has a 
potential risk for a catastrophic failure 
event that could have severe consequences. 
A sudden increase in torsional loading could 
fracture the drill, leaving the fractured part 
in the hole and requiring expensive rework 























to remove the broken portion and resize the 
hole. In contrast, a pocket being milled out 
to a rough size using a large end mill has less 
severe consequences. A wear Or cata- 
strophic-failure event could mean loss of 
the tool, but little damage to the part. How- 
ever, a final finish cut for this same pocket 
will change the failure event consequences: 
Excessive tool wear may result in an unac- 
ceptable surface finish or out-of-tolerance 
dimensions. 

Economic analysis can be used to estab- 
lish a tool replacement strategy that opti- 
mizes the performance objective associated 
with the making of each feature. Common 
objectives are minimum cost, maximum 
production rate, and maximum profit; how- 
ever, minimum acceptable reliability or 
minimum downtime could also be used. The 
tool replacement strategy is dependent on 
the mechanism by which wear and cata- 
strophic-failure events influence the objec- 
tive. 

To access failure event consequences and 
achieve feature production objectives. tool 
wear must be mathematically modeled and/ 
or measured in a timely way in order to 
change tools strategically. Real time mea- 
surement of tool wear is an emerging but 
promising technology (Ref 6). Until it ma- 
tures and is commercially available, math: 
matical models of tool wear will be primar- 
ily used. 

Modeling Tool Wear. One of the earliest 
applications of science to production man- 
agement was done by F.W. Taylor (Ref 7). 
Recognizing that tool wear was dependent 
on cutting velocity, he developed the fol- 
lowing equation using data from tool life 
tests: 








Verse 





This became known as Taylor's tool life 
equation, in which the tool lifetime, £, was 
related to cutting velocity, V, by means of 
the constants n and C. These constants 
were obtained by testing cutting tools at 
different cutting velocities and using a "tool 
life criterion" to establish the point at which 
the useful life of the cutting tool had ended. 
This criterion was a wear limit that could 
not be exceeded if a wear failure event was 
to be avoided. Figure 9 shows typical tool 
wear curves for different cutting velocities. 
The wear limit or failure criterion, Wi. 
shows that the elapsed time before tool 
replacement increases with a decrease in 
cutting velocity. Taylor's relationship mod- 
els this behavior (Fig. 10) and has been used 
by industry as originally conceived or in 
modified forms to the present time. In fact, 
the constant C, which equals the cutting 
velocity for 1 min of elapsed time before 
reaching the wear limit of the tool, has been 
widely used as a measure of machinability 
for a particular material being machined 
using a particular cutting tool and cutting 
condition. The cutting condition in this con- 
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text is the feed rate and depth of cut (en- 
gagement) used to collect the data, Table 1 
contains other tool life models that add feed 
rate and/or depth of cut as variables that 
influence tool life. In all of these, life testing 
of tools must be conducted. 

The wear limit or failure criterion is an 
important decision to be made in the pro- 
cess of developing the tool life model. The 
size and characteristics of particular wear 
surfaces are often used. Figure 11 shows the 
variety of wear and fracture surfaces that 
may be present on à worn or failed cutting 
tool. This figure also shows how to measure 
the amount of wear on one or more of these 
wear surfaces. Flank wear has been com- 
monly used, and Table 2 presents some 
typical values for some common tools. 

To use these wear limits, the tool life test 
must be stopped and à measurement made 
using optical instruments at suitable magni- 
fication levels. Generally, a toolholding fix- 
iure must be made to position the tool 
properly and consistently in the field of 
view. Typical flank wear scars are shown in 
12(a) to (d). Each of these figures 
shows that the size of the scar varies. The 
end mill in Fig. 12(a) has enlarged flank 
wear toward the end where the flank wear 
from the end cutting edge and flute cutting 











Table 1 Tool life models proposed 
in the literature 








Linearized Taylor model . . Int = by + hiti + bak 
Linearized Taylor model 
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edge overlap. The drill in Fig. 12(b) shows 
that the width of the flank wear scar is 
roughly proportional to the distance from 
the center of the drill. Velocity increases 
with distance from the center, and such 
increased wear is consistent with the depen- 
dence of wear on velocity. 

Figures 12(c) and (d) show the flank wear 
on a turning tool that was used for an 
orthogonal cut on the edge of a ring. In 
these figures, the nature and size of the scar 
reflect the difference between coated and 
uncoated high-speed steel tools. These fig- 
ures also illustrate the importance of estab- 
lishing where the flank measurements are to 
be made. It is apparent, too, that it is a good 
practice to take multiple measurements 
along the cutting edge: with multiple-tooth 
cutters, such measurements should be made 
on all of the cutting edges. 





ting tol fale modes. (c) Characteristic wear and fracture surfaces on cutting tool; (b) Cotostrophie 
failure. (c) Typical wear measurements for a turning tool. VB = flank wear. Source: Ref 


If crater wear is part of the wear limit 
criterion, the topography can be analyzed 
by the depth of the crater or the projected 
arca of the crater. For chipping, the size and 
number of such chips can be determined 
during examination. A wear limit criterion 
for chipping may have to be based on the 
number and size that detrimentally affect 
surface finish. 

Often it is necessary to use morc detailed 
metallographic examination techniques. For 
external topographical examination of wear 
surfaces. a portion of the tool needs to be 
appropriately prepared for viewing under 
varying levels of magnification. A scanning 
electron microscope is sometimes used for 
this purpose. To evaluate internal damage, 
sectional views perpendicular to the cutting 
edge are generally needed. Near-surface ther- 
mal softening and phase changes are of inter- 
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Table 2 Typical flank wear limits 

















Flank wear land 
um Maximum. 
Operation nnd Average weur local wear 
material тт d. — mm in, 
Turning 
5... 1.5 0.060 1.5 0.060 
Carbide, 0.45 0015 09 0.030 
Face milling 
HSS 15 0060 1.5 0.060 
Carbide 045 0015 Q9 0030 
End mung slowing 
HSS .030 0012 050 0.020 
Carbide... 030 0012 050 0.020 
End miling- peripheral 
030 0012 0.50 0420 
Carbide 030 002 (0.50 0.020 
Drilling. 
HSS. 0.45 0.015 045 0.015 
Carbide 045 0015 045 0.015 
Reaming 
HSS ‚0.15 0.006 0.15 0.006 
Carbide. ‚0.15 0.006 0.15 00% 
Tapping 
HSS Go-no go gage Тар fracture 
Source: Ref 10 





est, and microhardness measurements can be 
used to quantify the magnitude of these 
changes. Figure 8 is an example of the way 
high magnifications can be used to examine a 
failed tool and provide insight concerning the 
wear mechanisms that caused failure. 


Tool Life Testing 


A successful tool life testing program 
depends on establishing the test plan objec- 
tive, designing the test, conducting the test, 
analyzing the results, and applying the re- 
sults, These points are described below. 
Additional information on tool life testing 
can also be found in the article Machin- 
ability Test Methods" in this Volume. 





Testing Program Expertise 

Metallurgical, ^ manufacturing-process, 
and experimentation knowledge is needed 
for a testing program. The first step is to 
find an individual or assemble a team that 
can provide this expertise. Metallurgical 
assistance is needed to: 


* Provide the material information. con- 
cerning the cutting tool and the work- 
piece 

* Provide metallographic knowledge during 
examination of worn tools 

* Interpret evidence concerning wear 
mechanisms and tool fracture 


Manufacturing-process help is required to: 


е Sclect the machine tool, cutting tool, and 
geometric feature to be machined for the 
cutting test 

* Ensure that the machine is properly set 
up and calibrated for the test 

* Establish the correct operating procedure 
for the test equipment 
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(e 
Fig. 12 


* Help relate the results to productivity and 
economic gains 


Experimentation assistance is needed to: 


* Design the test plan including the statis- 
tically designed experiment if one is to be 
used 

© Conduct the calibration tests and deter- 
mine what assignable errors exist in the 
test equipment 

€ Conduct the data analysis and compute 
any parameters that are needed in the 
wear models 


With this expertise in place, the testing 
program can begin. 


Typical flank wear scars. (a) Flank weor on an end mill. (b 
cut on a ring. (c) High-speed steel tool. (d) Coated high-speed steel tool 


(d) 


Test Plan Objectives 





There are global and local objectives that 
must be dealt with. The global concern 
often comes from management, who have 
decisions to make that require tool wear 
data. Only two objectives will be defined 
and expanded upon using examples. (How- 
ever, the tool wear problems of industry can 
provide many, diverse reasons to conduct 
tool wear tests.) The first is the problem of 
selecting tools to buy. This will be referred 
to as the acceptance objective. The second 
concerns the development of cutting condi- 
tion data for a new tool-operation-material 
combination. This will be referred to as the 





) Flank wear on the cutting edge of a drill. (с) and (9) Flank wear on o turning tool used for an orthogonal 
|. Courtesy of A.E. Boyoumi, Washington State University 


operating objective. Many aspects of the test 
plan will be the same for these objectives; 
however, there are a number of important 
differences, which will be identified. These 
two objectives might be stated as: 


e The acceptance objective: To establish 
which HSS steel end mills to purchase for 
use in a machining center that machines 
parts from an AISI 4340 steel 

The operating objective: To develop a 
tool life model for an HSS end mill used 
in a machining center to cut AISI 4340 
alloy steel 

The local objectives are the testing con- 
ditions and wear criterion that should be 











used for these global objectives. These tar- 
get more specifically the intended use of the 
tool and how its performance will be 
judged. For example. the following local 
objectives will be established: 


€ Acceptance local objectives: A sizable 
rough cut will be used at feed and speed 
conditions that are at the maximum gen- 
erally used to machine this material on 
this particular machine. A limiting flank 
wear value will be used as a failure crite- 
rion 

Operating local objective: A statistically 
designed experiment will be used to de- 
velop the tool life model for the range of 
operating conditions normally used for 
this tool-machine-material combination. 
A limiting flank wear value will be used 
as a failure criterion 





It should be noted that these objectives 
are still broadly stated. During the test plan 
design stage, specific values will be estab- 
lished that appropriately define the bounds 
for these objectives. 





Designing the Test 

The establishment of test conditions, a 
sampling plan, and test plans are all integral 
to the design of the test. 

Establishment of Test Conditions. A 
machine that represents the type of machin- 
ing center that will be used in production 
must be identified and made available. It is 
important to examine this machine closely 
and perform all maintenance that is neces- 
sary to ensure that it will operate in à 
nominal way. The speed and feed settings 
must be checked to see whether they pro- 
duce the correct motion values. The runout 
of the table and spindle must be checked. 

It is desirable to add instrumentation to 
the machine and connect it to an appropri- 
ate data acquisition system. Power, spindle 
torque, and force components on the tool 
are useful measurements to obtain (Ref 5). 
Acoustic emission sensors are also proving 
to be of value (Ref 11). These measure- 
ments will not be used in the procedure 
described in this article; however, they 
should be obtained if the wear study results 
are to be used for process monitoring and 
control using on-line sensors. 

Size of the workpiece should be consid- 
ered next. As discussed earlier, tool tem- 
perature influences the type of wear mech- 
anism and the wear rate, and the mass of the 
workpiece is a variable heat sink as it is cut. 
For the current example. this temperature 
condition will be handled as follows for the 
use of acceptance and operating tests. 

The acceptance test part size will be large 
plates. The tools to be tested will be se- 
quenced so that each vendor's tool will 
have a balanced exposure to the heat sink 
mass effects of the plates as they are re- 
duced in size during machining. Coolant 











flow will be constant and will be measured 
to verify. 

The operating test part size is more diffi- 
cult to establish. In a production environ- 
ment, the goal would be to use coolant flow 
rates and cutting conditions that would 
maintain a tool temperature level below a 
safe upper bound. In the test environment, 
this same upper-bound temperature con- 
straint is desirable, but it is also necessary 
to allow normal temperature changes below 
this upper bound caused by changes in the 
operating conditions. The recommendation 
is to use the largest workpiece for the 
machine being used and to monitor the 
surface temperature of the material a fixed 
distance from the cut. An infrared sensor 
could be used. When this temperature ex- 
ceeds the upper bound value, a larger piece 
of material is called for. 

Cutting conditions for the acceptance ob- 
jective must severely test each vendor's 
tools, whereas operating objective tests re- 
quire conditions that represent the range of 
values used for the operating environment. 

Acceptance cutting conditions will be the 
same for every test cut. Some analysis will 
have to be made of the maximum speed and 
feed conditions normally used on that ma- 
chine for the rough-cut size selected. Some 
sample cuts will most likely be necessary in 
order to establish that these conditions can 
be adequately handled by the machine tool. 

Operating cutting conditions, will be sys- 
tematically varied over the range of values 
that are anticipated for use in the produc- 
tion environment. A statistically designed 
experiment will be used to provide data for 
estimation of the coefficients in the partial 
second order model described in Ref 11 and 
given in Table 1. The cutting conditions to 
be varied will be feed rate and cutting 
velocity. A representative depth of cut will 
be used for all tests. A full 2? factorial 
design will be used with center point repli- 
cation for a total of six tests. A fractional 
replication of this full design requiring fewer 
tests is another option. and more recent 
optimal designs have been proposed for tool 
life models (Ref 12). 

Sampling Plan. The work material for 
each of these test programs should come 
from the same manufacturer and carry the 
same heat number. Verification of chemical 
composition and condition should be ob- 
tained. The tool sampling should be: 








e Acceptance tools: Randomly selected 
from a batch of tools from each vendor. 
In this case, five tools should be used 

ө Operating tools: Randomly selected from 
a batch of the particular tool type being 
tested. In this case, six would be needed 





Test Points. For both the acceptance and 
operating test plans, the test data are used 
to generate a wear curve for each tool. This 
means that the test must be interrupted 
periodically to measure the flank wear on 
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the tool. Equal intervals of time should be 
used. 


Conducting the Test 

An unneeded tool should be used to ma- 
chine a starting surface on the edge of the 
workpiece. The test series can now be start- 
ed and should be conducted in the same 
manner for each test plan. The end mills 
should be removed and placed in the mea- 
surement fixture. Each flute of these mills 
will have multiple measurements made 
along the length of the flank wear surface. 
Averages for each mill must be used when 
the results are analyzed. The test can be 
interrupted and measurements made until 
the wear limit has been exceeded. At the 
end of the test. metallographic examina- 
tions are conducted using sectioned por- 
tions of tools. These examinations will pro- 
vide data concerning wear mechanisms and 
wear surface topography. 

Analyzing the Results 

The first step is the same for both testing 
plans; the wear curves are plotted. If all the 
test data fall within the steady-state wear 
region, a linear wear trend may exist, and 
such a line could be fitted to the data. If one 
assumes such data exist for the acceptance 
test, as plotted in Fig. 13. this data would 
provide a set of five tool life values for each 
100] vendor. The operating test plan would 
produce similar plots and six tool life val- 
ues, one for each test condition. Further 
analysis will differ for cach of the plans. 

Acceptance data analysis seeks а qual- 
ity measure for the tool of each vendor. 
Reliability is the measure and can be com- 
puted using the five tool life values for each 
vendor. ‘The method of median ranks and a 
graphical technique are used to establish the 
parameters for the Weibull probability dis- 
tribution for each vendor (Ref 13). This is 
shown in Fig. 14 for some hypothetical 
data. To compare one vendor with another, 
a tool life value, t. was selected, and the 
reliability computed using the values of 8 
(characteristic life parameter) and B (shape 
parameter) for each vendor's tools. For the 
parameter values 8 — 100 and B = 6 calcu- 
lated in Fig. 14 for = 70 minutes, Rit) = 
0.889. This number is the probability that 
the vendor's tools will survive this service 
life. Higher reliability values imply that the 
tools are of higher quality. A statistician can 
provide other tests that compare tool life 
values; however, this reliability measure is 
used to provide background for application 
of this test information for tool change 
decisions. 

Operating data analysis establishes the 
value of the significant coefficients in the 
tool life model. Any coefficients that are 
statistically insignificant will be set to zero, 
which eliminates the product term in which 
the coefficient appears. The terms that re- 
main define the tool life equation. Any 
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Fig. 13 Асу» кн linearized wear curves for the tools of one vendor. The relationship of the Weibull 


probability density function to the tool life variability is shown, as well as the reliability probability. 
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9. 14 Graphical method to develop the Weibull parameters 


combination of cutting condition variables 
within the span of the test cutting conditions 
can be substituted into the equation. and the 
tool life can then be computed. The method 
can also provide a confidence interval for 
this tool life estimate. 


Applying the Results 

The results for these two tests will be 
used to indicate the economic impact of the 
wear information on the production pro- 
cess. Before addressing cach of these test 
plans individually, some general back- 
ground concerning such analyses is present- 
ed below. 

The primary objective is to select cutting 
conditions to obtain a tool service life that 
meets the process management objectives. 
The decision-making process must take into 
account the possibility that a wear or cata- 
strophic-failure event may occur before re- 
placement is made. These will be called 
premature failures. 

The tool life models in Table | predict 
average performance. If a statistical tech- 
nique was used to develop the equation, this 
is an accurate assumption. A simple way to 
use these models is to select a replacement 
interval and then choose cutting conditions 
that satisfy the model. At these cutting 
conditions, about half of the tools will pre- 
maturely fail. Because this is generally un- 
acceptable. the cutting conditions must be 
changed or the interval must be shortened 
to ensure fewer premature ures. The 
lower confidence bound on a statistically 
developed model can be used to make this 
margin of safety more precise. 

"These approaches ignore some very im- 
portant economic consequences. First, the 
decision does nol take into account the 
gains to be made by increased m. terial 
removal rates and tool usage penal as- 
sociated with such productivity gains. Fig- 
ure 15 shows this trade-off for costs, but 
such relationships could also be based on 
production rates or profits. The recom- 
mended operating point is obtained by com- 
puting the operating condition that minimiz- 
es the total cost function shown in Fig. 15. 
Second. the method incorrectly assumes 
that replacing premature failures costs the 
same as scheduled replacements. Prema- 
ture failure not only stops the process, it 
can damage the part and add rework or 
scrapped-part expense to the process. 

Acceptance test plan evaluations arc 
conducted to measure the impact of poor 
tool quality. The wear data provide a prob- 
ability distribution for tool life for each 
vendor's tools. Table 3 presents two com- 
mon fixed interval replacement policies that 
can be used. The scheduled replacement 
policy is used in this example. and the 
expected replacement cost per unit of oper- 
ating time computed, for different. sched- 
uled replacement intervals. 1,. There are 
formal optimization approaches that can 
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compute this interval directly (Ref 14); how- 
ever, good, useful information can be easily 
obtained using a spreadsheet program with 
plotting capabilities. The @ and B parame- 
ters of the Weibull distribution are used to 
obtain renewal function values from statis- 
tical tables (Ref 15). For certain conditions, 
an approximation for this function can be 
obtained directly by using the reliability 
function (Ref 16). Figure 16 shows typical 
plots for three vendors and indicates that 
the expected cost for the higher-quality 
tools was less sensitive to the choice of the 
scheduled replacement interval. This 
knowledge would certainly be of comfort to 
a process manager who otherwise would 
not know that by using the higher-quality 
tools, more flexibility was available con- 
cerning the choice of the replacement inter- 
val. 

Operating tes! plan evaluations are 
used to establish operating conditions that 
minimize the variable costs to machine this 
particular feature. The tool life model that 
was developed has two independent vari- 
ables. It is possible to establish the combina- 
tion of values for these variables that will 
minimize this cost; however, there are often 
other machining considerations that will fix 
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one of these. As shown in Fig. 15, this vari- 
able cost. C, equals the sum of the production 
costs and the tool usage costs for the feature. 
‘The functional expression 





€ = ey + псы, + C) 
where cy is the cost per unit time for ma- 


chine operation; fo is the time to produce 
the feature; л, is the fraction of tool life used 
for the feature, which is equal to t/t; t, is 
the time required for a tool change; and C, is 


the cost of the cutting tool. 


The proper expression for 7, depends on 


the type of tool and feature machined by the 


tool. The value of t for any combination of 


operating conditions comes from the tool 


life model, and an evaluation of the cost C 


could be accomplished using a spreadsheet 
or formal optimization procedures (Ref 17). 
This procedure works well for a tool that is 
used to produce this same feature again and 
again until the tool is replaced. A typical 
application of this type is a transfer line. 
When the tool is used to produce a varie 
of features such as in a machining center, 
the analy: 
tem that estimates the proportion of the life 
of the tool used for each feature must be 
used and then these values must be added 








together to establish when the tool needs to 


be changed. 


Future Trends 


The complex machining wear environ- 


ment will continue to be studied and better 


understood by tribologists. material scien- 
lists, and manufacturing engineers. Its im- 
portance deserves such attention, and the 
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becomes more complex. A sys- 
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research efforts by these investigators 
needs continuing support. The use of this 
wear knowledge for tool change decisions, 
process monitoring, and control strategies 
js even more important. Dependence on 
off-line laboratory testing and model devel- 
opment will eventually become too costly 
and time consuming for the current and 
future automated machining systems. The 
process will become the direct source of 
wear information through the use of new 
monitoring techniques and sensors. Local 
data bases that store performance informa- 
tion concerning the production of each fea- 
ture will be able to access the progressive 
wear of the tool more precisely. Some of the 
motivation to develop such systems will 
come from changes in controller technology 
that will include the intelligent decision- 
making capabilities currently done by hu- 
man experts. 
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High-Speed Tool Steels 


Alan M. Bayer and Bruce A. Becherer, Teledyne Vasco 


HIGH-SPEED TOOL STEELS and their 
requirements are defined by The American 
Society for Testing and Materials in Speci- 
fication A600-79 as follows: High-speed tool 
steels are so named primarily because of 
their ability to machine materials at high 
cutting speeds. They are complex iron-base 
alloys of carbon. chromium, vanadium, mo- 
lybdenum. or tungsten. or combinations 
thereof, and in some s substantial 
amounts of cobalt. The carbon and alloy 
contents are balanced at levels to give high 
attainable hardening response. high wear 
resistance, high resistance to the softening 
effect of heat, and good toughness for eff 
live use in industrial cutting. operations. 
Commercial practice has developed two 
groups of cutting materials: 











* The recognized standard high-speed tool 
steel, which serves almost all applica- 
tions under mild to severe metal-cutting 
conditions 

* A smaller group of intermediate steels, 
which are satisfactory for limited applica- 
tions under mild to moderate metal-cut- 
ting conditions 








The minimum requirements that must be 
met to be classed as а standard high-speed 
tool steel, and those for an intermediate 
high-speed tool steel. are listed in Table 1. 
To be acceptable for either group, an alloy 
must meet all of the requirements shown for 
that group. 

A chronology of some of the significant 
developments in high-speed tool steels is 
given in Table 2. The research work in 1903 
on a 14% tungsten alloy led to the develop- 
ment of the first high-speed tool steel. 
which is now designated T1. 





M and T Classification 


There are presently more than 40 individ- 
ual classifications of high-speed tool steels, 
according to the American Iron and Steel 
Institute (AISI). When these are compound- 
ed by the number of domestic manufactur- 
ers, the total number of individual steels in 
the high-speed tool steel category exceeds 
150. The AISI established a classification 
system for the high-speed tool steels many 
years ago. That system consists of a T for 
those steels that have tungsten as one of 

















Table 1 Requirements for 
high-speed tool steels per ASTM 
A 600 


Table 2 Significant dates in the 
development of high-speed tool 
steels 























Requirement Standard Uwiermediate Date Development 
" = 1903 0.70% С, 14% W, 4% Cr prototype of 
Сайнаны, modern high-speed tool steels 
Minimum alloy content by major 1904 2. 0.30% V addition 
elements 1906. “Introduction of electric furnace 
Carbon. 0.65 0.70 melting 
Chromium эф — 325 — өш Introduction of first 18-4-1 
Vanadium... x oso 0% composition (AISI TI) 
Tungsten + 1:89 molybdenum...11.75 — 650 1912 3 to 566 Co addition for improved hot 
Minimum total alloy content based hardness 
on tungsten equivalents (Ys Cr (92... 12% Co addition for increased cutting 
+ 6.2. V + We 1.8 Mo) speeds. 
Grades containing less than $% 1939 Introduction of high-carbon 
cobalt н 2250 130 high-vanadium super high-speed 
Grades containing 5% or more tool steels (M4 and T15) 
cobalt. 21.00 12.00 1940-1952. Increasing substitution of 
molybdenum for tungsten 
Hardening retpensb ыра 1953 Introduction of sulfurized 
Ability to be austenitized, and free-machining high-speed tool steel 
tempered at a temperature not Introduction of high-carbon 
less than 510 °C (950 °F) with a high-cobalt super hard high-speed 
fine-grain structure (Snyder-Graff tool steels (M40 series) 
rain size К min) to 6 HRC 62HRC 1970 Introduction of powdered metal 
high-speed tool steels 
1973. Addition of higher silicon/nitrogen 
content to M-7 to increase hardness 
thùir primary alloying éténtents-and an M. 1%. Development of cobalt-free super 
: à high-speed tool steels 
for those steels that have molybdenum ad- — jo; Introduction of aluminum-modified 


ditions as one of their primary alloying 
elements. In addition, there is a number that 
follows either the M or the T. Thus, there 
are high-speed tool steels designated MI. 
M2, M41, ТІ, T15, and so on. That number 
does not have any special significance other 
than to distinguish one from another. For 
example, MI does not mean that it is more 
highly alloyed than M2 or has greater hard- 
enability or poorer wear resistance, and so 
on. It merely separates the types and at- 
tempts to simplify selection for the user. 
Table 3 lists the nominal analyses of the 
common M and T types. 


Effect of Alloying Elements 


The T series contains 12 to 20% tungsten, 
with chromium, vanadium, and cobalt as 
the other major alloying elements. The M 
series contains approximately 3.5 to 10% 
molybdenum, with chromium, vanadium, 
tungsten, and cobalt as the other alloying 
elements. All types, whether molybdenum 
or tungsten, contain about 4% chromium; 
the carbon and vanadium contents vary. As 
a general rule, when the vanadium content 








high-speed tool steels for cutting 
tools 





is increased, the carbon content is usually 
increased (Ref 1). 

The tungsten type T1 does not contain 
molybdenum or cobalt. Cobalt-base tung- 
sten types range from T4 through TIS and 
contain various amounts of cobalt. 

Molybdenum types MI through M10 (ex- 
cept M6) contain no cobalt, but most con- 
lain some tungsten. The cobalt-base, mo- 
lybdenum-tungsten, premium types are 
generally classified in the M30 and M40 
series. Super high-speed steels normally 
range from M40 upward: they are capable of 
being heat treated to high hardnesses. 

The M series steels generally have higher 
abrasion resistance than the T series steels 
and less distortion in heat treatment; also, 
they are less expensive (Ref 2). Tools made 
of high-speed tool steel can also be coated 
with titanium nitride, titanium carbide, and 
numerous other coatings by physical vapor 
deposition technique for improved perfor- 
mance and increased tool life. 
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Table 3 Composition of high-speed tool steels 

















AIST type UNS designation. с S Cr v w Mo Co 
Molybdenum high-speed tool steels 
Ml... T1130) оз 035 375 118 175 кло 
we 
Regul Tiu оз 033 415 198 543 5.00 
High C . 100. 033 413 1% 6.13 5.00 
M3 
Class 1 TIG 105.033. 4135 250 5.88 s63 
Class 2 ^ ТИЗ 120 03 4135 3% 5.88 5.63 
ма T1304 1з 0з 425 4.13 5.88 4.88 
мв тие ою 093 413 150 425 so — (200 
M7... 111507 L0] 038 375 200 175 8.70 
MIO 
Regular C Tus og 093 413 20 ваз 
High C ` 100 03 зз 200 8.19 : 
MIS. THSIS 150 033. 40 500 6.50. 3.50 5.00 
M30. то ою 0з 400 125 2.00 8.00 500 
M33 TH (89 Q3 3.75 IR 170 9.50 8.25 
MM Tia 089 03 375 210 175 вак 8.25 
M35 TRS охо 03 40 200 6.0 5.00 5.00 
M36. TRE ogs 03 4h 200 6.00 5.00 8.25 
Mal.. тїз! ыо 03. 413 200 6.63 3.75 825 
M42. T1342 110 040 зз 115 1.50 950 8.25 
Мав. тїз 126 0з 295 315 2.05 825 8.30 
MAB... TINAR 150 оз 388 — 300 10.00 5.13 9.00 
МУда) T1350 ою 040 413 1% 425 
MS2ía) Tias? 090 040 400 193 125 445 
M62. тизе? 130 ож 388 2% 625 10.50 
‘Tungsten high-speed tool steels 
Thess eo TINO! олз 030 413 10 1800 
T4 are “тоом 0% ою 4H 100 18.25 0.70 5.00 
Ti еня КНУ, TIWOS ою 030 — 438 210 — IR2S 0.88 8.25 
тв T1206 ою 0.0 438 180 19,75 070 10.00 
тк T12008 080 00 411 210 1400 070 5.00 
TIS Т12015 155 бв зв 488 1238 1.00 5.00 


Gi) Intermediate high-speed tool steel 





Various elements are added to M and T 
series high-speed tool steels to impart certain 
properties to the tool steels. These elements 
and their effects arc discussed below. 

Carbon is by far the most important of 
the elements and is very closely controlled. 
While the carbon content of any one high- 
speed tool steel is usually fixed within nar- 
row limits, variations within these limits can 
cause important changes in the mechanical 
properties and the cutting ability. As the 
carbon concentration is increased, the 
working hardness also rises: the elevated 
temperature hardness is higher; and the 
number of hard, stable, complex carbides 
increases. The latter contribute much to the 
wear resistance and other properties of the 
high-speed tool steels. 
icon. The influence of silicon on high- 
speed tool steel, up to about 1.00%, is slight. 
Increasing the silicon content from 0.15 to 
0.45% gives a slight increase in maximum 
attainable tempered hardness and has some 
influence on carbide morphology, although 
there seems to be a concurrent slight decrease 
in toughness. Some manufacturers produce at 
least one grade with silicon up to 0.65%, but 
this level of silicon content requires a lower 
maximum austenitizing temperature than 
does a lower silicon level in the same grade, if 
overheating is to be avoided. In general, how- 
ever, the silicon content is kept below 0.45% 
on most grades. 














Manganese. Generally, manganese is not 
high in concentration in high-speed tool 
steels. This is because of its marked effect 
in increasing brittleness and the danger of 
cracking upon quenching. 

Phosphorus has no effect on any of the 
desired properties of high-speed tool steels, 
but because of its well-known effect in 
causing cold shortness, or room-tempera- 
ture brittleness, the concentration of phos- 
phorus is kept to a minimum. 

Chromium is always present in high- 
speed tool steels in amounts ranging from 3 
to 5% and is mainly responsible for the 
hardenability. Generally, the addition is 4% 
because it appears that this concentration 
gives the best compromise between hard- 
ness and toughness. In addition, chromium 
reduces oxidation and scaling during heat 
treatment. 

Tungsten. In the high-speed tool steels, 
tungsten is of vital importance. It is found in 
all T-type steels and in all but two of the 
M-type steels. The complex carbide of iron, 
tungsten. and carbon that is found in high- 
speed tool steels is very hard and signifi- 
cantly contributes to wear resistance. Tung- 
sten improves hot hardness. causes 
secondary hardening. and imparts marked 
resistance to tempering. When the tungsten 
concentration is lowered in high-speed tool 
steels, molybdenum is usually added to 
make up for its loss. 

















Molybdenum forms the same double car- 
bide with iron and carbon as tungsten does 
but has half the atomic weight of tungsten. 
As a consequence, molybdenum can be 
substituted for tungsten on the basis of 


reri mnl, cere rd n nne de 
weight, for two parts of tungsten. 

The melting point of the molybdenum 
steels is somewhat lower than that of the 
tungsten grades, and thus they require a 
lower hardening temperature and have a 
narrower hardening range. The M-type 
high-speed tool steels are tougher than the 
T-type high-speed tool steels, but the hot 
hardness is slightly lower. Compensation 
for this reduced hot hardness is partially 
accomplished by the addition of tungsten 
and, to a lesser extent, vanadium to the 
plain molybdenum grades. This is one im- 
portant reason for the popularity of the 
tungsten-molybdenum grades (like M2, M3, 
M4): they afford good hot hardness, which 
is so desirable in high-speed tool steels. 

Vanadium was first added to high-speed 
tool steels as а scavenger 10 remove slag 
impurities and to reduce nitrogen levels in the 
melting operation, but it was soon found that 
the element materially increased the cutting 
efficiency of tools. The addition of vanadium 
promotes the formation of very hard, stable 
carbides, which significantly increase wear 
resistance and, to a lesser extent, hot hard- 
ness. An increase in vanadium, when proper- 
ly balanced by carbon additions, has relative- 
ly little effect on the toughness. For this 
reason, vanadium-bearing grades are à very 
good choice when very fast cutting operations 
are demanded, as in finishing cuts, or when 
the surface of the material is hard and scaly. 
The special characteristics of the high-speed 
tool steels that are due to high vanadium 
additions have given rise to several specially 
developed steels for very severe service re- 
quiring high toughness as well as exceptional 
hot hardness and wear resistance. The T15, 
M4, and MIS grades are in this category; their 
vanadium content is 4.88, 4.13, and 5.00%. 
respectively. 

Cobalt. The main effect of cobalt in high- 
speed tool steel is to increase the hot hard- 
ness and thus to increase the cutting effi- 
ciency when high tool temperatures are 
attained during the cutting operation. Co- 
balt raises the heat-treating temperatures 
because it elevates the melting point. Hard- 
ening temperatures for cobalt high-speed 
tool steels can be 14 to 28 °C (25 to 50 ^F) 
higher than would be normal for similar 
grades without cobalt. Cobalt additions 
slightly increase the brittleness of high- 
speed tool steels. 

Cobalt steels are especially effective on 
rough or hogging cuts, but they are not 
usually suited to finishing cuts that do not 
involve high temperatures. Cobal types 
usually perform quite well when cutting 
materials that have discontinuous chips 
such as cast iron or nonferrous metals. 
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The necessity of using deep cuts and fast 
speeds or of cutting hard and scaly mate- 
rials justifies the use of cobalt high-speed 
tool steels. 

Sulfur, in normal concentrations of 0.03% 
or less, has no effect on the properties of 
high-speed tool steels. However, sulfur is 
added to certain high-speed tool steels to 
contribute free-machining qualities, as it 
does in low-alloy steels. The amount of 
free-machining high-speed tool steels is a 
small but significant percentage of the total 
consumption of high-speed tool steels. One 
of the major areas for free-machining high- 
speed tool steels is in larger-diameter tools 
such as hobs, broaches, and so on. 

Sulfur forms complex sulfides, containing 
chromium, vanadium, and manganese, 
which are distributed throughout the steel 
as stringer-type inclusions. The stringers 
interrupt the steel structure and act as 
notches, which aid the metal-removing ac- 
tion of a cutting tool when machining the 
high-speed steel, because the resulting chip 
is discontinuous, a characteristic of free- 
machining steels. Very high sulfur additions 
(up to 0.30%) are made to some powder 
metallurgy (P/M) high-speed tool steels for 
improved —machinability/grindability Бу 
forming globular sulfides rather than string- 
ers (see the article “P/M High-Speed Tool 
Steels” in this Volume). 

Nitrogen is generally present in air- 
melted high-speed tool steel in amounts 
varying from approximately 0.02 to 0.03%. 
The nitrogen content of some high-speed 
tool steels is deliberately increased to about 
0.04 to 0.0556, and this addition, when com- 
bined with higher than usual amounts of 
silicon, results in a slight increase of maxi- 
mum attainable tempered hardness and 
some change of carbide morphology. 











Properes of 

High-Speed Tool Steels 
High-speed tool steels, regardless of 

whether they are an AISI M-type or T-type, 

have a rather striking similarity in their 

physical makeup: 


* They all possess a high-alloy content 

* They usually contain sufficient carbon to 
permit hardening to 64 HRC 

© They harden so deeply that almost any 
section encountered commercially will 
have a uniform hardness from center to 
surface 

* They are all hardened at high tempera- 
tures, and their rate of transformation is 
such that small sections can be cooled in 
still air and be near maximum hardness 


All high-speed tool steels possess excess 
carbide particles, which in the annealed 
state contain a high proportion of the alloy- 
ing elements. These carbide particles con- 
tribute materially to the wear resistance of 


hardened high-speed tool steel. By partially 
dissolving during heat treatment, these car- 
bides provide the matrix of the steel with 
the necessary alloy and carbon content for 
hardenability, hot hardness. and resistance 
to tempering. 

While all high-speed tool steels have many 
similar mechanical and physical characteris- 
tics, the properties may vary widely due to 
changes in chemical composition. Basically, 
the most important property of a high-speed 
tool steel is its cutting ability. Cutting ability 
depends on a combination of properties, the 
four most important of these being: 








© Hardni Resistance to penetration by 
diamond-hard indenter, measured at 
room temperature 

© Hot hardness: The ability to retain high 
hardness at elevated temperatures 

* Wear resistance: Resistance to abrasion, 
often measured by grindability, metal-to- 
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metal, or various other types of tests to 
indicate a relative rating 

© Toughness: Ability to absorb (impact) 
energy 


The relative importance of these proper- 
ties varies with every application. High 
machining speeds require a composition 
with a high initial hardness and a maximum 
resistance to softening at high tempera- 
tures. Certain materials may abrade the 
cutting edge of the tool excessively: hence, 
the wear resistance of the tool material may 
well be more important than its resistance 
to high cutting temperatures. 

Hardness is necessary for cutting harder 
materials and generally gives increased tool 
life, but it must be balanced against the 
toughness required for the application. 

The desired combination of properties in 
a high-speed tool steel may be obtained, 
first, by selection of the proper grade and, 
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second, by the proper heat treatment, two 
equally important decisions. 

Hardness. Hardness is the most com- 
monly stipulated requirement of а high- 
speed tool steel and is used as an accep- 


tance check of a heat-treated tool. All high- 
speed tool steels can be hardened to room 
temperature hardness of 64 HRC, while the 
M40 series, some of the M30 series, and TIS 
can reach nearly 69 HRC. 


Hot Hardness. A related and important 
component of cutting ability is hot hardness. 
It is simply the ability to retain hardness at 
elevated temperatures. This property is im- 
portant because room temperature hardness 
values are not the same values that exist at 
the elevated temperature produced by friction 
between the tool and workpiece. 

Hot hardness values of some repre- 
sentative grades are plotted in Fig. 1. It is 
noteworthy that the cobalt-base types as à 
group exhibit higher hot hardness than non- 
cobalt-base types. For a comparison of the 
hot hardness of other metals, alloys, car- 
bides, and ceramics to that of high-speed 
tool steels, see Fig. 1 in the article "Cast 
Cobalt Alloys” in this Volume. 

Wear Resistance. The third component 
of cutting ability is resistance to wear. Wear 
resistance of high-speed tool steels is affect- 
ed by the matrix hardness and composition, 
by precipitated M,C and MC carbides re- 
sponsible for secondary hardness, by the 
volume of excess alloy carbides, and by the 
nature of these excess carbides. In practi- 
cally any given high-speed too! steels, wear 
resistance strongly depends on hardness of 
the steel. and higher hardness, however 
achieved, is an aim when highly abrasive 
cutting conditions are encountered (Fig. 2). 

For the ultimate in wear resistance, car- 
bon content has been increased simultane- 
ously with vanadium content, to permit the 
introduction of a greater quantity of total 
carbide and a greater percentage of ex- 
tremely hard vanadium carbide in high- 
speed tool steel. Examples of this effect are 
given when discussing the effect of vanadi- 
um on the properties of high-speed tool 
steels. Steels T15, M3 (class 2), М4, and 
MIS are in this category, and all have 
extremely high wear resistance. 

Laboratory tests for wear resistance are 
diverse, making comparisons between dif- 
ferent procedures difficult. Therefore, pro- 
duction tests on actual tools are used 10 a 
great extent. However, laboratory tests can 
produce valuable data on the relative wear 
resistance for these steels (Fig. 3). The data 
given in Fig. 3 were generated by measuring 
the volume loss of a high-speed tool stecl 
sample against the volume loss of a known 
vitrified abrasive wheel after a predeter- 
mined grinding procedure. 

Toughness. The fourth component of cut- 
ting ability mentioned above is toughness, 
which is defined as a combination of two 
factors: 














ө The ability to deform before breaking 
(ductility) 

e The ability to resist permanent deforma- 
tion (elastic strength) 


If either of these factors is to be used to 
describe toughness (a practice not to be 
condoned), the second appears more prac- 
tical for high-steel tool steel because rarely 
are large degrees of flow or deformation 
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Fig. 4 Plot of impact toughness versus hardness for high-speed tool steels 
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Fig. 5 Relative toughness of high-speed tool steels o! typical working hardness 


permissible with fine-edge tools. The first, 
however, cannot be ignored, as frequently 
the stress applied to a tool (through over- 
loads, shock, notches, and sharp corners) 
exceeds the elastic strength. 

Toughness tests on high-steel tool steel 
are usually conducted at room temperature. 
Tool failures that occur from spalling of the 
tool edge generally occur during the initial 
contact of the too! with the work, and once 
the tool becomes heated, its performance in 
this respect is much superior. Therefore, 
тоот temperature tests are perhaps of 





greater value when toughness is considered 
than when hardness is in question. Labora- 
tory tests for the measurement of toughness 
of hardened high-speed tool steel include 
bend, unnotched or C-notch impact, static 
torsion, and torsion impact tests. Figures 4 
and 5 compare relative unnotched impact 
values for representative high-speed tool 
steels. Modest improvements in toughness 
(within a grade) can be made by lowering 
the tempered hardness. Lower austenitizing 
temperatures enhance the toughness for a 
given hardness and grade. 
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Heat Treatment of 
High-Speed Tool Steels 


Proper heat treatment is as critical to the 
success of the cutting tool as material selec- 
tion itself. Often the highest-quality steel 
made into the most precise tools does not 
perform because of improper heat treatment. 

The object of the heat treating or harden- 
ing operation is to transform a fully an- 
nealed high-speed tool steel consisting 
mainly of ferrite (iron) and alloy carbides 
into a hardened and tempered martensitic 
structure having carbides that provide the 
cutting tool properties (see Fig. 6 and 7). 

"The heat treatment process can be divid- 
ed into four primary areas, preheating, aus- 
tenitizing. quenching, and tempering. Fig- 
ure 8 outlines graphically these four heat 
treatment steps. 

Preheating. From a metallurgical stand- 
point, preheating plays no part in the hard- 
ening reaction; however, it performs three 
important functions. The first of these is to 
reduce thermal shock, which always results 
when a cold tool is placed into a warm or 
hot furnace. Minimizing thermal shock re- 
duces the danger of excessive distortion or 
cracking. It also relieves some of the stress- 
es developed during machining and/or form- 
ing, although conventional stress relieving 
is more effective. 

The second major benefit of preheating is 
to increase equipment productivity by de- 
creasing the amount of time required in the 
high-heat furnace. Thirdly, if the high-heat 
furnace is not neutral to the surface of the tool 
or part, preheating will reduce the amount of 
carburization and decarburization that would 
result if no preheat were employed. In com- 
mercial salt bath hardening, а two-step pre- 
heat is typically used for high-speed tool 
steels. The first preheat is carried out be- 
tween 650 and 760 °C (1200 and 1400 °F); the 
second preheat cycle is carried out between 
815 and 900 °C (1500 and 1650 °F). In atmo- 
sphere or vacuum heat treating, the furnace is 
usually heated slowly to a single preheat of 
790 to 845 ^C (1450 to 1550 °F). Preheat 
duration is of little importance as long as the 
part is heated throughout ils cross section. 

Austenitizing (hardening) is the second 
step of the heat treatment operation. Aus- 
tenitizing is a time/temperature dependent 
reaction. High-speed tool steels depend 
upon the dissolving of various complex al- 
loy carbides during austenitizing to develop 
their properties. These alloy carbides do not 
dissolve to any appreciable extent unless 
the steel is heated to a temperature within 
28 to 56 °C (50 to 100 °F) of their melting 
point. This temperature is dependent upon 
the particular high-speed tool steel being 
treated and is in the range of 1150 to 1290 °C 
(2100 to 2350 *F). The generally recom- 
mended hold time for high-speed tool steel 
is approximately 2 to 6 min, depending upon 
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Microstructure of fully annealed high-speed 
Fig. 6 „о stecl consisting ‘of ferrite (iron) and alloy 
carbides. 1000x 





7 Microstructure of hardened, tempered high- 
+ 7 speed tool steel having martensitic structure 


with carbides. 1000x 





high-speed tool steel type, tool configura- 
tion, and cross-sectional size. 

Lowering the hardening temperature (un- 
derhardening) generally improves the impact 
toughness while lowering the hot hardness. 
Raising the hardening temperature increases 
heat-treated room-temperature hardness and 
also increases the hot hardness. 

Quenching. The quenching or cooling of 
the workpiece from the austenitizing tem- 
perature is designed to transform the austen- 
ite that forms at the high temperature to a 
hard martensitic structure. The rate of cool- 
ing, which must be controlled. is dictated by 
the analysis of the particular steel. Some- 
times high-speed steels are two-step 
quenched, initially in a molten salt bath 
maintained at approximately 540 to 595 °C 
(1000 to 1100 °F) or an oil quench, followed 
by air cooling to near ambient temperature. 
The least drastic form of quenching is cool- 
ing in air, although only in the smaller and/ 
or thinner cross sections would high-speed 
tool steels air quench rapidly enough to 
transform the majority of the structure into 
the desirable martensitic condition. The 
austenite-martensite transformation is ex- 
emplified in Fig. 9 illustrating a time-tem- 
perature-transformation curve. 
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Fig. B Time versus temperature plot illustrating sequences required to properly heat treat high-speed tool steels 


Tempering. Following austenitizing and 
quenching, the steel is in à highly stressed 
state and therefore is very susceptible to 
cracking. Tempering (or drawing) increases 
the toughness of the steel and also provides 
secondary hardness, as illustrated by the 
peak on the right of the tempering curve in 
Fig. 10. Tempering involves reheating the 
steel to an intermediate temperature range 
(always below the critical transformation 
temperature), soaking, and air cooling. 

Tempering serves to stress relieve and to 
transform retained austenite from the quench- 


ing step to fresh martensite. Some precipita- 
tion of complex carbide also occurs. further 
enhancing secondary hardness. It is this pro- 
cess of transforming retained austenite and 
tempering of newly formed martensite that 
dictates a multiple tempering procedure. 
High-speed tool steels require 2 to 4 tempers 
at a soak time of 2 to 4 h each. As with 
austenitizing temperatures and quenching 
rates, the number of tempers is dictated by 
the specific grade. High-speed tool stecls 
should be multiple tempered at 540 °C (1000 
°F) minimum for most grades. It is essential to 
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м2 high-speed tool steel that was annealed prior to quenching. 
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retained austenite to fresh martensite during the temper- 
ing sequence, the high (right) side of the sec 
hardness peak curve is preferred, and the low (left) side 
should be avoided. 


favor the right (high) side of the secondary 
hardness peak of the tempering curve in order 
to optimize the above-described transforma- 
tions. 

Subzero treatments are sometimes used 
in conjunction with tempering in order to 
continue the transformation of austenite to 
martensite. Numerous tests have been run 
on the effect of cold treatments, and the 
findings generally prove that cold treat- 
ments used after quenching and first temper 
enhance the transformation to martensite, 
in much the same way that multiple temper- 
ing causes transformation, Cold treatments 
administered to high-speed tool steels im- 
mediately after quenching can result in 
cracking or distortion because the accom- 
panying size change is not accommodated 
by the newly formed. brittle martensite. It is 
generally accepted that subzero treatments 
are not necessary if the steel is properly 
hardened and tempered. 


Surface Treatments 


Tools made of high-speed tool steel are 
available with either a bright, black oxide or 
nitride finish or they can be coated with 
titanium nitride and other coatings using a 
vapor disposition process that greatly in- 
creases tool life. 

Bright Finish. Most tools are finished 
with a ground or mechanically polished 
surface that would be categorized as a 
bright finish. Bright finished tools are often 
preferred to tools with an oxide finish for 
machining nonferrous work material. The 
smooth or bright finish tends to resist gall- 
ing, a type of welding or buildup associated 
with many nonferrous alloys. However, 
work materials of ferrous alloys tend to 
adhere to simil iron-base tools having a 
bright finish. This buildup on the cutting 
edges leads to increased frictional heat, 
poor surface finish, and increased load at 
the cutting edge. 

Black Oxide Finish. This characteristic 
black finish is typically applied to drills and 
other cutting tools by oxidizing in a steam. 








atmosphere at approximately 540 °C (1000 
°F). The black oxide surface has little or no 
effect on hardness, but serves as a partial 
barrier to galling of similar ferrous metals. 
The surface texture also permits retention 
of lubricant. 

Nitride Finish. Nitriding is a method of 
introducing nitrogen to the surface of high- 
speed tool steels at a typical temperature of 
480 to 595 ^C (900 to 1100 ^F) and is accom- 
plished either by the dissociation of ammo- 
nia gas, exposure to sodium cyanide salt 
mixtures, or bombardment with nitrogen 
ions in order to liberate nascent nitrogen, 
which combines with the steel to form a 
hard iron nitride. Nitriding improves wear 
resistance of high-speed steel, at the ex- 
pense of notch toughness. 

Coated High-Speed Tool Steels. The 
addition of wear-resistant coatings to high- 
speed tool steel cutting tools lagged behind 
the coating of carbide inserts by approximate- 
ly 10 years until the development of the 
low-temperature physical vapor deposition 
(PVD) process, an innovation, which is much 
more suitable for coating high-speed tool 
steels than is the older chemical vapor depo- 
sition (CVD) process, and which also elimi- 
nates the need for subsequent heat treatment 
(Ref 3). As described in Ref 4, titanium nitride 
is the most commonly used and most durable 
coating available, although substitutes such 
as other nitrides (hafnium nitride and zirconi- 
um nitride) and carbides (titanium carbide, 
zirconium carbide, and hafnium carbide) are 
being developed. These other coatings are 
expected to equal or surpass the desired prop- 
і i itrides in future years. The 
hard thin (2 to 5 pm, or 80 to 200 pin. thick) 
deposit of high-density titanium nitride, 
which has 2500 HV hardness and imparts a 
characteristic gold color to high-speed tool 
steels, provide: ellent wear resistance, 
minimizes heat buildup, and prevents welding 
of the workpiece material, while improving 
the surface finish of high-speed tool steels 
(Ref 5). 

The initial use, in 1980. of titanium nitride 
coatings was to coat gear cutting tools. Sub- 
sequent applications include the coating of 
both single-point and multipoint tools such as 
lathe tools, drills, reamers, taps, milling cut- 
ters, end mills, and broaches (Ref 3). Today, 
titanium nitride coated hobs and shapers 
dominate high-production applications in the 
automotive industry to such an extent that 
80% of such tools use this coat 

As described in Ref 6, significant cost 
savings are possible because the titanium 
nitride coating improves tool life up to 400% 
and increases feed and speed rates by 30%. 
This is primarily attributable to the in- 
creased lubricity of the coating because its 
coefficient of friction is one-third that of the 
bare metal surface of a tool. 

Examples of increased tool life obtained 
when using coated versus uncoated singlc- 
point and multipoint cutting tools are listed in 
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Table 4. The increased production obtained 
with a coated tool justifies the application of 
the coating despite the resulting 20 to 30% 
increase in the base price of the tool (Ref 3). 

Coated tools can meet close-tolerance 
requirements and significantly improve the 
machining of carbon and alloy steels, stain- 
less steels (especially the 300 series, where 
galling can be a problem), and aluminum 
alloys (especially aircraft grades). Coated 
high-speed tool steels are less of a factor in 
the machining of certain titanium alloys and 
some high-nickel alloys because of chemical 
reactions between the coatings and the 
workpiece materials (Ref 3). 


High-Speed Tool Steel 
Applications 


High-speed tool steels are used for most 
of the common types of cutting tools includ- 
ing single-point lathe tools, drills, reamers, 
taps, milling cutters, end mills, hobs, saws, 
and broaches. 


Single-Point Cutting Tools 

The simplest cutting tools are single-point 
cutting tools, which are often referred to as 
tool bits, lathe tools, cutoff tools, or inserts. 
They have only one cutting surface or edge in 
contact with the work material at any given 
time. Such tools are used for turning, thread- 
ing, boring. planing, or shaping, and most are 
mounted in a toolholder that is made of some 
type of tough alloy steel. The performance of 
such tools is dependent on the tool material as 
well as factors such as the material being cut, 
the speeds and feeds, the cutting fluid, and 
fixturing. Following is a discussion of materi- 
al characteris and recommendations for 
the most popular lathe tools. 

Mi. M2, and TI are suitable for all- 
purpose tool bits. They offer excellent 
strength and toughness and are suitable for 
both roughing and finishing and can be used 
for machining wrought steel, cast steel, cast 
iron, brass, bronze, copper, aluminum, and 
so on (see the Section '' Machining of Spe- 
cific Metals and Alloys" in this Volume). 
These are good economical grades for gen- 
eral shop purposes. 

M3 class 2 and M4 high-speed tool steels 
have high-carbon and high-vanadium con- 
tents. The wear resistance is several times 
that of standard high-speed steels. These 
bits are hard and tough, withstanding inter- 
mittent cuts even under heavy feeds. They 
are useful for general applications and espe- 
cially recommended for cast steels, cast 
iron, plastics, brass, and heat-treated steels. 
On tool bit applications where failure oc- 
curs from rapid wearing of the cutting edge, 
M3 class 2 and M4 will be found to surpass 
the performance of regular tool bits. 

T4. T5, and T8 combine wear resistance 
resulting from the higher carbon and vana- 
dium contents together with a higher hot 
hardness, resulting from a cobalt content. 
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Table 4 Increased tool life attained with coated cutting tools 
[Cutting toot — —] Workpicces machined 
y before resharpening 
Type tool steel, AISI type Coating Workpiece material Uncoxted Coated 
End mill 7+. TIN — 1022 Steel, 35 HRC 35 1230 
End mill MI. TiN — 6061-T6 aluminum 166 1500 
alloy 
End mill M3 TiN — 7075T aluminum 9 E 
alloy 
Gear hob M2 TIN — 8620 steel 40 к 
Broach insert M3 TIN ‘Type 303 stainless 100000 — 300000 
steel 
Broach M2 TIN — 487 nickel alloy 200 3400 
Broach M2 TIN Type 410 stainless 10000-12 00 — 31 000 
steel 
Pipe tap м? TiN — Gray iron 300 9 000 
Tap M. TiN — 1050 steel, 30-33 60-70 750-800 
HRC 
Form tool TIS TiC 1045 месі 5 000 23 00 
Form tool TiS TIN — Type 303 stainless 1 840 S ко 
steel 
Cutoff tool M2 TiC-TiN Low-carbon steel 150 1000 
Drill М7... TiN — Low-carbon steel. 1000 4 000 
Drill M7 TiN — Titanium alloy 662 9 86 
layered with 
D6AC tool steel, 
48-50 HRC 
Source: Ret 3 





Because of the good resistance to abrasion 
and high hot hardness, these steels should 
be applied to the cutting of hard, scaly, or 
gritty materials. They are well adapted for 
making hogging cuts, for the cutting of hard 
materials, and for the cutting of materials 
that throw a discontinuous chip, such as. 
cast iron and nonferrous materials. The high 
degree of hot hardness permits T4, TS, and 
T8 to cut at greater speeds and feeds than 
most high-speed tool steels. They are much 
more widely used for single-point cutting 
tools, such as lathe, shaper, and planer 
tools. than for multiple-edge tools. 

Superhard tool bits made from the M40 
series offer the highest hardness available 
for high-speed tool steels. The M40 steels 
are economical cobalt alloys that can be 
treated to reach а hardness as high as 69 
HRC. Tool bits made from them are easy to 
grind and offer top efficiency on the diffi- 
cult-to-machine space-age materials (tita- 
nium and nickel-base alloys, for example) 
and heat-treated high-strength steels requir- 
ing high hot hardness. 

TIS tool bits are made from a steel capable 
of being treated to a high hardness, with 
outstanding hot hardness and wear resis- 
tance. The exceptional wear resistance of T15 
has made it the most popular high-speed tool 
steel for lathe tools. It has higher hardness 
than most other steels, and wear resistance 
surpassing that of all other conventional high- 
speed tool steels as well as certain cast cutting 
tool materials. 1t has ample toughness for 
most types of cutting tool applications, and 
will withstand intermittent cuts. These bits 
are especially adapted for machining materi- 
als of high-tensile strength such as heat- 
treated steels and for resisting abrasion en- 
countered with hard cast iron, cast steel. 





























brass, aluminum, and plastics. Tool bits of 
T15 can cut ordinary materials at speeds 15 to 
100% higher than average. 

Often an engineer will specify a grade that 
is not necessary for a given application. For 
example, selecting M42 for a general appli- 
cation that could be satisfied with M2 does 
not always prove to be beneficial. The logic 
is that the tool can be run faster and there- 
fore generate a higher production rate. 
What pens many times is that the M42 
will chip because of its lower toughness 
level, whereas the M2 will not. 


Multipoint Cutting Tools 

Applications of high-speed tool steels for 
other cutting tool applications such as drills, 
end mills, reamers, taps. threading dies, 
milling cutters, circular saws, broaches, and 
hobs are based on the same parameters of 
hot hardness, wear resistance, toughness, 
and economics of manufacture. Some of the 
cutting tools that require extensive grinding 
have been produced of P/M high-speed tool 
steels (see the article "P/M High-Speed 
Tool Steels” in this Volume). 

General-purpose drills, other than those 
made from low-alloy steels for low produc- 
tion on wood or soft materials, are made from 
high-speed tool steels, typically МІ. M2. M7. 
and M10. For lower cost hardware quality 
drills, intermediate high-speed tool steels M50 
and M32 are sometimes used although they 
cannot be expected to perform as well as 
standard high-speed tool steels in production 
work. For high hot hardness required in the 
drilling of the more difficult-to-machine alloys 
such as nickel-base or titanium product, M42, 
M33, or TIS are used. 

High-speed tool steel twist drills are not 
currently being coated as extensively as gear 


























cutting tools because many drills are not used 
for production applications. Also, the cost of 
coating (predominantly with titanium nitride) 
is prohibitive because it represents a higher 
percentage of the total tool cost. 

Drills coated with titanium nitride reduce 
cutting forces (thrust and torque) and im- 
prove the surface finishes to the point. that 
they eliminate the need for prior core drill- 
ing and/or subsequent reaming. Coated 
drills have been found especially suitable 
for cutting highly abrasive materials, hard 
nonferrous alloys, and difficult-to-machine 
materials such as heat-resistant alloys. 
These tools are not recommended for drill- 
ing titanium alloys because of possible 
chemical bonding of the coating to the 
workpiece material. When drilling gummy 
materials (1018 and 1020 steels, for exam- 
ple) with coated tools, it may be necessary 
to provide for chipbreaking capabilities in 
the tool design (Ref 3). 

End mills are produced in a variety of 
sizes and designs, usually with two, four, or 
six cutting edges on the periphery. This 
shank-type milling cutter is typically made 
from general-purpose high-speed tool steels 
MI, M2, M7, and MIO. For workpieces 
made from hardened materials (over 300 
HB), a grade such as TIS, M42, or M33 is 
more effective. Increased cutting speeds 
can be used with these cobalt-containing 
high-speed tool steels because of their im- 
proved hot hardnes: 

One manufacturer realized a fourfold in- 
crease in the tool life of end mill wear lands 
when he switched to a titanium-nitride coat- 
ed tool (Fig. 11). Titanium nitride coated 
end mills also outperform uncoated solid 
carbide tools. When machining valves made 
from type 304 stainless steel, a switch from 
solid carbide end mills to titanium nitride 
coated end mills resulted in a fivefold in- 
crease in tool life, that is, 150 parts com- 
pared to 30 finished with the carbide tools 
(Ref 3). Furthermore, the cost of the coated 
high-speed steel end mills was only one- 
sixth that of the carbide tools. Both types of 
19 mm (% in.) fluted end mills were used to 
machine a 1.6 mm (is in.) deep slot at a 
speed of 300 rev/min and a feed of 51 mm/ 
min (2 in./min). 

Reamers are designed to remove only 
small amounts of metal and therefore re- 
quire very little flute depth for the removal 
of chips. For this reason, reamers are de- 
signed as rigid tools, requiring less tough- 
ness from the high-speed tool steel than a 
deeply fluted drill. The gencral-purpose 
grades МІ, M2. M7, MIO. and ТІ are typi- 
cally used at maximum hardness levels. For 
applications requiring greater wear resis- 
tance, grades such as M3, M4. and Т15 are 
appropriate. 

Milling Cutters. The size, style, config- 
uration, complexity, and capacity of milling 
cutters is almost limitless. There are stag- 
gered-tooth and straight-tooth,  form-re- 

















0.050 
0.030 


0020 
0015 
0010 




















0.005 




















Wear land on end mill, mm 


5 
? 
= 


Number of parts milied 


Fig. 11 We lands developed with uncoated and 
g. titanium nitride coated end mills show а 
4:1 increase in tool life with coated tools. The cross- 
hatched oreo at left (extending from O to 20 parts) 
indicates the number of pieces produced by uncoated end 
mill after 0.25 mm (0.010 in.) wear land on the tool; the 

area at right represents quantity produced 
by titanium nitride coated end mill after 0.25 mm (0.010 
in.) wear land on tool. Source: Ref 3 


lieved and formed milling cutters with sizes 
that range from 51 to 305 mm (2 to 12 in.) 
and are used to machine slots, grooves, 
racks, sprockets, gears, splines, and so on. 
They cut a wide variety of materials, includ- 
ing plastics, aluminum, steel, cast iron, su- 
peralloys, titanium, and graphite structures. 
The general-purpose high-speed tool steel 
used for more than 70% of milling cutter 
applications is M2, usually the free-machin- 
ing type. It has a good balance of wear 
resistance, hot hardness, toughness, and 
strength and works well on carbon, alloy, 
and stainless steels, aluminum. cast iron, 
and some plastics (generally any material 
that is under 30 HRC in hardness). When 
higher hardness materials or more wear- 
resistant materials need to be milled, M3 or 
M4 are selected. The higher carbon and 
vanadium content in those materials im- 
proves wear resistance and allows for the 
machining of materials greater than 35 HRC 
in hardness. For workpiece hardness levels 
above that and as high as 50 HRC, either 
M42 with its high hardness and high hot 
hardness properties or TIS with its high 
wear resistance and high hardness charac- 
teristics are desirable. The powder metal- 
lurgy grades in M4 and Т15 are increasing in 
popularity for milling cutters because of 
their ease of grinding and regrinding. 

Hobs are a type of milling cutter that oper- 
ates by cutting a repeated form about a cen- 
ler, such as gear teeth. The hob cuts by 
meshing and rotating about the workpiece, 
forming a helical pattern. This type of metal 
cutting creates less force at the cutting edge 
(less chip load on the teeth) than do ordinary 
milling cutters. Accordingly, less toughness 
and edge strength is required of hob materi- 
als; wear is more commonly a mode of fail- 
ure. Most hobs are made from a high-carbon 
version of M2, although normal carbon levels 
are also used. M2 with a sulfur addition or 
P/M product for improved machinability and 
surface finish is often used for hobs. 

Saws are quite similar to milling cutters in 
style and application, but they are usually 
thinner and tend to be smaller in diameter. 
















Sizes range from 0.076 mm (0.003 in.) thick 
by 13 mm (% in.) outside diameter to more 
than 6.4 mm (% in.) thick by 203 mm (8 in.) 
outside diameter. Used for cutting, slitting, 
and slotting, saws are available straight- 
tooth, staggered-tooth, and side-tooth config- 
urations and are made from alloys similar to 
those used for milling cutters. Again, M2 
high-speed tool steel is the general-purpose 
saw material, but, because of the typical 
thinness of these products, toughness is opti- 
mized with lower hardness. There are rela- 
tively few saws that are made from M3 or M4 
high-speed tool steel because generally T15 
and M42 are the two alternative materials to 
the standard M2 steel. M42 is often used to 
machine stainless steels, aluminum, and brass 
because it incre: saw production life and 
can be run at considerably higher speeds. T15 
is used for very specialized appl 
Saws made of high-speed tool steel are used 
to cut, slit, and slot everything from steel, 
aluminum, brass, pipe, and titanium to gold 
jewelry, fish. frozen foods, plastics, rubber, 
and paper. 

Broaches. M2 high-speed tool steel is the 
most frequently used material for broaches. 
This includes the large or circular broaches 
that are made in large quantities as well as 
the smaller keyway and shape broaches. 
Sometimes the higher-carbon material is 
used, but generally free-machining M2 
used because it results in a better surface 
finish. P/M products are very popular for 
broaches in both M2 as well as M3 class 2 
and M4 when they are used to improve wear 
resistance. M4 is probably the second most 
widely used material for this application. 
M4? and T15 are often used for difficult-to- 
machine materials such as the nickel-base 
alloys and other aerospace-type alloys. 

A high-nickel (48%) alloy magnet manufac- 
turer using a 3.2 х 13 x 305 mm (%4 x V^ x 12 
in.) flat broach made of M2 increased tool life 
from 200 pieces to 3400 pieces when a titani- 
um nitride coating was added, and also ob- 
tained a smoother surface finish. Replacing 
the flat broach with an uncoated 11.99 mm 
(0.472 in.) diam by 660 mm (26 in.) long round 
broach increased the production to about 
7000 pieces, and coating the round broach 
with titanium nitride further increased the 
magnet production to about 19 000 pieces 
(Ref 3). Thus. going from an uncoated flat 
broach to a coated round broach increased 
production by a factor of 95. 


























Factors in Selecting 
High-Speed Tool Steels 


No one composition of high-speed tool 
steel can meet all cutting tool requirements. 
The general-purpose molybdenum steels 
such as M1, M2, and M7 and tungsten steel 
TI are more commonly used than other 
high-speed tool steels. They have the high- 
est toughness and good cutting ability, but 
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they: possess the lowest hot hardness and 
wear resistance of all the high-speed tool 
steels. The addition of vanadium offers the 
advantage of greater wear resistance and 
hot hardness, and steels with intermediate 
vanadium contents are suited for fine and 
roughing cuts on both hard and soft materi- 
als. The 5% V steel (TIS) is especially 
suited for cutting hard metals and alloys or 
high-strength steels, and is particularly suit- 
able for the machining of aluminum, stain- 
less steels, austenitic alloys, and refractory 
metals. Wrought high-vanadium high-speed 
tool steels are more difficult to grind than 
their P/M product counterparts. The addi- 
tion of cobalt in various amounts allows still 
higher hot hardness, the degree of hot hard- 
ness being proportional to the cobalt con- 
tent. Although cobalt steels are more brittle 
than the noncobalt types, they give better 
performance on hard, scaly materials that 
are machined with deep cuts at high speeds. 

High-speed tool steels have continued to be 
of importance in industrial commerce for 70 
to 80 years despite the inroads made by 
competitive cutting tool materials such as cast. 
cobalt alloys, cemented carbides, ceramics, 
and cermets. The superior toughness of high- 
speed tool steels guarantees its niche in the 
cutting tool materials marketplace. 
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P/M High-Speed Tool Steels 


Revised by Kenneth E. Pinnow and William Stasko, Crucible Materials Corporation 


POWDER METALLURGY (P/M) high- 
speed tool steels are used extensively for 
drills, taps, end mills. reamers, broaches, 
and other cutting tools because of their 
excellent manufacturing and performance 
characteristics. For most applications, they 
offer distinct advantages over conventional 
high-speed tool steels which, as a result of 
pronounced ingot segregation, often contain 
à coarse, nonuniform microstructure, ac- 
companied by poor toughness and grind- 
ability, and also present problems of size 
control and hardness uniformity in heat 
treatment, Rapid solidification of the atom- 
ized powders used in the production of P/M 
high-speed tool steels eliminates such seg- 
regation and produces a very fine micro- 
structure with a uniform distribution of car- 
bides and nonmetallic inclusions. As a 
result, a number of important end proper- 
ties of high-speed tool steels have been 
improved by powder processing, notably 
toughness, dimensional control during heat 
treatment, grindability, and cutting perfor- 
mance under difficult conditions when good 
toughness is essential (Ref 1). Further, pow- 
der processing allows the production of 
high-speed tool steels with much greater 
alloy contents than are practical or possible 
by conventional ingot methods, Two exam- 
ples of such highly alloyed high-speed tool 
steels are CPM Rex 76 and ASP 60. 

Since the early 1970s, several P/M meth- 
ods for producing high-speed tool steels 
have been developed, including controlled 
spray deposition (CSD), the Osprey pro- 
cess, rapid omnidirectional compaction, 
consolidation at atmospheric pressure (CAP 
process), the STAMP process. and injection 
molding. These processes are discussed in 
Volume 7 of the 9th edition of Merals Hand- 
book. 

The present discussion describes proce- 
dures for producing tool steel powder by 
inert-gas atomization, followed by compac- 
tion by hot isostatic pressing (HIP). These 
processes include the Anti-Segregation Pro- 
cess (ASP), developed in Sweden by Stora 
Kopparberg and ASEA, and the Crucible 
Particle Metallurgy process, developed in the 
United States by the Crucible Materials Cor- 
poration. The FULDENS process, which 
uses water-atomized powders compacted by 
vacuum sintering, is also discussed. It was 














developed in the United States by Consolidat- 
ed Metallurgical Industries, Inc. 

For additional data concerning the classifi- 
cation, composition, heat treatment, and 
properties of conventionally processed and 
P/M processed high-speed tool steel materi- 
als, see the articles on "Tool Steels” in Vol- 
ume 3, "High-Speed Tool Stecls" in this 
Volume, and "P/M Tool Steels” in Volume 7 
of the 9th Edition of Metals Handbook. 





The Anti-Segregation 
Process 


The Anti-Segregation Process, or ASEA- 
STORA process, is used to produce high- 
speed tool steels by powder metallurgy. In 
this process, an alloy steel melt is atomized 
in an inert gas to form spherical powder 
particles. These are poured into cylindrical 
sheet steel capsules (cans), which are vi- 
to pack the particles as lightly as 
possible. A cover is then welded onto the 
capsule and the air inside is evacuated. The 
capsule and its contents are cold isostati- 
cally pressed at 400 MPa (58 ksi). 

The capsule is hot isostatically pressed at 
100 MPa (14.5 ksi) at 1150 °C (2100 °F) to 
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full density. Afler compaction, the steel is 
conventionally hot worked by forging and 
rolling to the desired dimensions. Figure 1 
compares the processing of conventional 
(wrought) high-speed tool steels with that of 
ASP high-speed tool steels. 

This processing results in a fine-grain 
material with a uniform distribution of small 
carbides. The homogeneous material. free 
from segregation, has a uniform structure, 
regardless of bar size and alloy content. 
Figure 2 compares the microstructures of 
conventional high-speed tool steel and P/M 
processed ASP high-speed tool steel. 


Properties of ASP Steels (Ref 2) 

The primary benefits of ASP techniques 
include improved toughness and ultimate 
strength due to uniform carbide distribution 
and the absence of metallurgical defects. 
Improved grindability due to the small car- 
bide size and improved dimensional stabili- 
ty in heat treatment caused by the absence 
of segregation are also benefits. Additional- 
ly, wear resistance can be improved by 
increasing alloy content, without sacrificing 
toughness or grindability. 
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Comparison of conventionally (wrought) processed high-speed tool and P/M processed ASP high-speed 








Fig. 2 Comporion of microstructures of conventional high-speed tool steel and PIM high-speed tool steel. (o) 
19. 2 Conventional high-speed tool steel microstructure showing carbide segregation. (b) Microstructure of P/M 
processed ASP steel showing small, uniformly distributed carbide particles. Courtesy of Speedsteel, Inc 


Table 1 ASP steel grades, compositions, hardnesses, and applications 





Typical 
hardness, 
ASP grade ‹ € M w v % икс 


65-67 





Recommended applications 





For ordinary applications of most 
cutting tools when hot 
hardness is not of primary 
concern. Also for tools used in 
cold-working applications 

For cutting tool applications 
when hot hardness 
important. Suitable for cutting 
most stainless steels and 
superalloys, and for cutting at 
higher speeds. Also for cold 
work-tools when wear 


n ]3& 42 50 64 
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resistance is critical 
For cutting tools when wear 
resistance and hot hardness are 
critical. Particularly suitable 
for extratough applications 
(cutting titanium, high-h 
materials, and iron forgings) 
Also for cold-work tools 
requiring highest wear 


60 AN 40 70 65 65 105 67-69 
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3 Comparison of cutting edge wear of a conventional high-speed tool steel and a P/M high-ste! tool steel 
J+ 9 (о) Cutting edge of tool made of conventional AISI M2 material, showing severe microchipping. (b) Cutting 
edge of tool made of P/M-processed ASP 23 material, showing no microchipping under the same service conditions. 
Courtesy of Speedsteel, Inc 





alloy content or type of carbide. The higher 


Currently, ASP high-speed tool steel is 
hardness that is possible with P/M high- 


available in three grades р 23. 30. and 60 








(ASP 60 can be made only by the powder 
metallurgy process). The compositions and 
recommended applications of these grades 
are given in Table 1. Additional information 
on applications of ASP steels can be found 
in the section "Applications of P/M High- 
Speed Tool Steels"" in this article. 

Wear resistance is generally a function of 
the hardness of the tool and the specific 











speed tool steels, plus the higher carbon and 
vanadium contents, promote better wear 
resistance. 

Toughness of a tool or high-speed tool 
steel is usually defined as a combination of 
strength and ductility or as resistance to 
breaking or chipping. A tool that deforms 
from lack of strength is useless, and one that 
lacks adequate ductility will fail prematurely. 
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The importance of toughness of high- 
speed tool steel is illustrated in Fig. 3. A 
cutting edge may suffer from repeated mi- 
crochipping. As shown in Fig. 3, the ASP 23 
cutting edge shows minimal wear. The M2 
cutting edge, however, shows microchip- 
ping under the same service conditions. 
Microchipping blunts the cutting edge, in- 
creases stress, and accelerates other wear 
factors. 

One method of measuring toughness of 
high-speed tool steel after heat treatment is 
bend testing. Bend yield strength, ultimate 
bend strength. and deflection are measured 
on 5 mm (0.2 in.) diam test bars on which а 
load is exerted. The results of these labora- 
tory tests correlate well with shop experi- 
ence. 

As shown in Fig. 4, toughness and hard- 
ness can be controlled by varying the hard- 
ening temperature. A low hardening tem- 
perature produces good toughness. Raising 
the hardening temperature increases hard- 
ness. but lowers toughness. 

Grindability of ASP steel is superior to 
that of conventional high-speed tool steel of 
the same chemical composition. This is due 
to the small carbide size and the uniform 
distribution of carbides, regardless of bar 
size. Figure 5 compares the grindability of 
several tool steels. These data are based on 
laboratory measurements, but results are 
confirmed by shop experience. 


Heat Treatment of ASP 
High-Speed Tool Steels 

Only with proper heat treatment can op- 
limum mechanical properties of tools and 
dies be obtained, Improper heat treatment 
may result in a tool with greatly reduced 
productivity or even an unusable tool, Heat 
treatment consists of four stages: preheat- 
ing. austenitizing, quenching, and temper- 
ing. The heat treatment procedure for ASP 
high-speed tool steels is essentially the 
same as for wrought high-speed tool steels. 
Optimum heat-treating temperatures may 
vary, however. even if chemical composi- 
tions are identical. 

The following procedures should be used 
to heat treat ASP high-speed tool steels as 
well as all P/M high-speed tool steels: 











© Annealing: Heat to 850 to 900 °C (1560 to 
1650 °F). Slow cool 10 *C/h (18 "F/h) to 
700 °C (1290 °F), Hardness values are 260 
HB maximum for ASP 23, 300 HB for 
ASP 30, and 340 HB for ASP 60 

ө Stress relieving: Hold for approximately 
2 h at 600 to 700 °C (1110 to 1290 °F). 
Slow cool to 500 °C (930 °F) in furnace 

e Hardening: Prcheat in two steps, first at 
450 to 500 °C (840 to 930 °F) and then at 
850 to 900 °C (1560 10 1650 °F). Austen- 
itize at 1050 to 1180 *C (1920 to 2155 *F) 
and quench, preferably in a neutral salt 
bath. Cool to hand warmth. See Table 2 
for recommended temperatures 
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for 1 h). Ullimote bend strength moy vary 10%; bend yield strength may vary + 5%; hardness values moy vary 


e Tempering: Raise temperature to 560 °C 
(1040 ^F) or higher three times for at least 
| hat full temperature. Cool to room 
temperature between tempers 


Hardness of ASP high-speed tool steel 
after hardening and tempering is shown in 
Fig. 6. 

Dimensional Stability in Heat Treat- 
ment. Three types of distortion are experi- 
enced metallurgically during heat treat- 
ment: 


e Normal volume change due to phase 
transformations in the steel 

e Variations in volume change in different 
parts of the tool due to the segregation in 
Ihe steel 

* Distortion due to residual stress caused 
by machining or nonuniform heating and 
cooling during heat treatment 


P/M grades, however, differ significantly 
from conventionally manufactured high- 
speed tool steels. Dimensional changes are 
more uniform in all directions. Because P/M 
high-speed tool steels are segregation free, 
variations in dimensional change are small- 
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Fig. 5 Stindobility of P/M high-speed tool steel 
9. Э and conventional high-speed tool steel ma- 
terials. Grindability index is the ratio of the volume of 
material removed to the volume of grinding wheel wear. 


er. As a result, dimensional change occur- 
ring during hardening can bc predicted more 
accurately. Conventionally processed high- 
speed tool steels go out-of-round in a four- 
sided pattern. The extent of distortion dur- 
ing heat treatment depends on the type and 
degree of segregation. In P/M high-speed 
tool steels, anisotropy is smaller. and out- 
of-roundness occurs in a close, circular 
pattern. Figure 7 shows typical results of 
mea g 102 mm (4 in.) diam disks after 
hardening and tempering. With P/M high- 
speed tool steels, cracking and variation of 
hardness are minimized because of their 
fine-grain, uniform structure. 

The same precautions must be taken to 
control distortion due to residual stresses 
during heat treating. Mechanical stresses 
from rough machining can be climinated by 
stress relieving prior to finish machining 
and heat treating. 


Crucible Particl 
Metallurgy Process 


Since 1970, Crucible Materials Corpora- 
tion has been producing powder metal tool 
steels commercially by the Crucible Particle 
Metallurgy (CPM) process. The process 
consists of induction melting and inert-gas 
atomizing. screening, and containerizing 
the prealloyed particles, followed by hot 
isostatic pressing to full density. See Fig. 8 
for a schematic of the process elements. 
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'ocessed ASP high-speed tool steels. A, ultimate bend strength; B, bend yield strength; C, hardness (HRC). (a) Bend 
strength of o test bar of ASP 23 steel after hardening and tempering at 560 °C (1040 ^F) (three times for 1 h). (b) Bend strength of a test bar of ASP 30 steel after 
hardening and tempering at 560 °С (1040 °F) (three times for 1 h). (c) Bend strength of a test bar of ASP 60 steel offer hardening and tempering at 560 °C (1040 ^F) (three limes 


219%. Courtesy of Speedsteel, Inc. 


‘The desired chemical composition is melt- 
ed, and the molten stream is poured into an 
atomizing chamber where high-pressure gas 


jets disperse it into spheroidal droplets that 


are rapidly quenched to ambicnt tempera- 
ture. Powder is removed from the atomizing 
chamber, dried, and screened to obtain the 
desired size fraction. lt is then poured inta 
cylindrical steel cans that are evacuated and 
sealed. The cans are subsequently heated to 
a specific temperature and hot isostatically 
compacted to achieve a fully dense product. 
Compacts are processed to the desired billet 
and bar sizes by conventional hot rolling 
and forging (Ref 3). 

As stated earlier, the most detrimental 
tendency of conventionally produced high- 
alloy high-speed tool steels is the high de- 
gree of alloy and carbide segregation that 
occurs during ingot solidification, This seg- 
regation not only reduces the hot workabil- 
ity and machinability of these alloys. but 
also results in reduced mechanical proper- 
ties and tool performance. An increase in 
the carbon and alloy content results in in- 
creased segregation and low product yield 
after hot working of conventional ingot 
products. 

The CPM process was developed to min- 
imize alloy segregation in standard high- 
alloy high-speed tool steel grades. Addition- 
ally. the CPM process is used to produce 
more highly alloyed grades than can be 
made by conventional practices. 








Table 2 Austenitizing temperatures of ASP 23 steel 

















[. Temperature —) [Salt зимы ‘Other fürnueetci. 
Hardnessia). HRC © + minim mini min 
58. 1000 1830 0.59 15 W 
60... 1050 1925 047 12 25 
e. 1100 2010 9.39 10 20 
ы. 1140 2085 ом х 15 
66 aaraa £ 1180 2155 0.24 6 10 
(а) After triple lemper at 560 C (1040 °F); hardness values may vary by = 19. (bi Total immersion time after preheating. (cl Holling tine 
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Fig. 6 odes of ASP steels after hardening ond 
9. © tempering a 25 mm (1 in.) diam specimen 

three times for | h. (a) ASP 23. (b) ASP 30. (с) ASP 60, 

cooled in step bath. Hardening temperature for curves is: 

A, 1180 °C (2155 “F); В, 1150 °C (2100 °F); C, 1100 °C 

(2010 °F); D, 1050 °С (1920 °F) 


Properties of 
CPM High-Speed Tool Steels 


A variety of CPM high-speed tool steels 
are available, as is shown in Table 3. Some 








ta) (b) 


Fig. 7 utofroundness measurements on test disks 
19. / cher hardening and tempering, Test disks 
machined from 102 mm (4 in.) diam bors. (о) AISI М2. 
(b) ASP 30 


of these grades are standard AISI steels 
such as M2, M3, M35, and M42. which 
normally are produced by conventional 
means, but when made by the CPM process 
offer notable advantages in toughness, out- 
of-roundness after heat treatment, and grind- 
ability. Others such as M4 and TIS are very 
difficult to produce by conventional means, 
but are readily producible by the CPM 
process with an improvement in properties. 
Still others, such as CPM Rex 20 and CPM 
Rex 76. are superhigh-speed tool steels that 
are very difficult or impossible to produce 
by conventional means and can only be 
made by the CPM route. 

AISI TIS — (Fe-12.25W-5Co-5.0VA4Cr- 
1.55C) demonstrates the advantages of the 
CPM process. This high-speed tool steel is 
one of the most wear- and heat-resistant 
grades of the standard American Iron and 
Steel Institute (AISI) high-speed tool steel 
materials. However, T15 usage has been lim- 
ited because this highly alloyed, carbide-rich 
high-speed tool steel is difficult to produce by 
conventional production methods. The CPM 
process makes it possible to produce such 
difficult compositions in high volume. 

‘The size distributions of the primary car- 
bides in CPM and conventional T15 are 
shown in Fig. 9. Most carbides in CPM 
high-speed tool steel are less than about 3 
шт (120 pin.), whereas those in the conven- 
tional product cover the entire size range to 
approximately 34 ит (1360 pin.) with a 
median size of 6 um (240 pin.). The micro- 
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Fig. 8 Schematic of CPM processing 


structures of CPM and conventionally pro- 
cessed T15 are compared in Fig. 10. 

Figure 11 shows a high-speed tool stecl 
graph that summarizes the relative tough- 
ness. wear resistance, and red (hot) hard- 
ness characteristics of CPM and conven- 
tional versions of various AISI high-speed 
fool steel grades. As shown by the graph, 
the wear resistance and red hardness of a 
given grade of high-speed tool steel are 
equal for both its CPM and conventional 
versions. However, the wear resistance and 
red hardness generally incre with in- 
creasing alloy content, and it is the very 
highly alloyed grades, such as CPM M4, 
CPM T15, CPM Rex 20, CPM Rex 45, and 
CPM Rex 76, that are best produced or can 
only be produced by the CPM method. The 
toughness comparison shows that the CPM 
version of each grade is notably tougher 
than the conventional high-speed tool steel. 

The alloyed grade CPM Rex 76 is an exam- 
ple of a high-speed tool steel designed for 
production by the CPM process. This grade is 
а cobalt-rich high-speed tool steel with excep- 
tional hot hardness and wear resistance and 
greatly increased tool life in difficult cutting 
operations. The high alloy content (32.5% 
compared to 27.8% for T15 and 25% for M42) 
renders this alloy unforgeable if produced by 
conventional processing. 

Two prominent high-speed steel cutting 
tool grades used in machining difficult-to- 
machine superalloys and titanium alloys 
used by the aircraft industry are T15 and 
M42, which contain 5 and 8% Co, respec- 









Table 3 Commercial CPM high-speed tool steel compositions 


























"Typical 

Steel designation 1 [ Composition, % - hardness, 
Trade name му ‹ €r № Mo у Co s HRC 
CPM Rex N2HCHS M2... LO 5з өш $00 20 027 (4-56 
СРМ Rex M3HCHS M3.........L39 400 625 $00 — 3.00 027 65-87 
CPM Rex M4 ONES 133 425 575 450 40% о 64-66 
СРМ Rex M4 HS М...... 135 425 575 450 40 500220 64-66 
СРМ Rex М35 НСНУ М35......... L00 415 600 500 200 500 027 65-67 
СРМ Rex M42 ма? 110 3:75 9.50 115 — &00 . 66-68 
“PM Rex 45 ved. 130 — 4.00 500 300 825 003 66-68 
M Rex 45 HS 1.30 400 500 300 825 022 66-68 
CPM Rex 20 130 375 10.50 200 ->> 006 6668 
CPM Res TIS 1.55 400 3 $00 S00 006 65-67 
CPM Rex TI5 HS 155 — 4.00 $00 500 022 65-67 
CPM Rex 76 50 375 1000 5 310 9400 006 67-69 
CPM Rex 76 HS 1.50 375 10.00 ую 900 0220 67-69 
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Fi 1 0 Microstructures of high-speed tool steels. Left: CPM T15. Right: Conventionol T15. Carbide segregation 
g. and its detrimental effects are eliminated with the CPM process, regardless of the size of the products. 
Courtesy of Crucible Materials Corporation 
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Fig. 11 Cemparagraph showing wear resistance, red (hot) hardness, and toughness of CPM and conventional 
» high-speed tool steels 


tively (Table 3). Cobalt increases the soli- 
dus temperature in high-speed tool steels, 
thereby permitting the use of high austen- 
itizing temperatures 10 achieve greater ho- 
mogeneous mixing of alloying elements. 
Cobalt also enhances the secondary harden- 
ing reaction, which results in a 1 to 2 HRC 
hardness advantage in the fully heat-treated 
condition. It also enhances hot hardness 
and temper resistance. thus allowing a tool 
to retain a sharp cutting edge at higher 
machining speeds that generate heat. De- 
spite the advantages of cobalt additions. the 
high cost and occasional lack of availability 
of cobalt have necessitated the develop- 
ment of cobalt-free alternatives. 

CPM Rex 20 was developed as a cobalt- 
free P/M equivalent of M42. The chemical 
composition of CPM Rex 20 is listed in 
Table 3, and property comparisons of CPM 
Rex 20 with those of CPM and conventional 
M42 are shown in Tables 4 to 6. 

Tables 4 and 5 show the results of temper 
resistance and hot hardness comparisons 
for specimens that were heat treated to full 
hardness. These results show that CPM Rex 
20 and CPM and conventional M42 are 
equivalent in both temper resistance and 
hot hardness. Table 6 compares the Charpy 
C-notch impact energy and bend fracture 
strength values obtained for CPM Rex 20 
with those obtained for CPM and conven- 
tional M42. Both the Charpy C-notch im- 
pact energy and the bend fracture strength 
of CPM Rex 20 are equal to those of CPM 
M42, but are notably higher than those of 
conventional M42. Table 7 shows the re- 
sults of laboratory lathe tool tests in single- 
point turning on H13 and P/M René 95 
superalloy. The overall performance of 
CPM Rex 20 is comparable to that of CPM 
M42. 























The FULDENS Process 


Another method for the consolidation of 
P/M high-speed tool steels is the FUL- 
DENS process. This process differs from 
the others discussed in this article in that it 
uses water-alomized powders compacted 
either mechanically or by cold isostatic 
pressing and sintered in a vacuum to full 
density. For a discussion of mechanical 
properties of water-atomized powders that 
have been compacted and sintered, sec the 
article “Mechanical Properties of P/M Ma- 
terials” in Volume 7 of the 9th Edition of 
Metals Handbook. The FULDENS process 
allows close-tolerance complex shapes to 
be made with mechanical properties and 
performance characteristics comparable to 
those of equivalent parts made by conven- 
tional machining, with considerable materi- 
al and labor savings. 

Processing Steps. Figure 12 is a flowchart 
for the FULDENS process. The powders, 
usually water atomized, are specially pre- 
pared in regard to composition as well as 

















Table 4 Temper resistance of CPM alloys 
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As heat treated ut 
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As heat treated + 


Hardness, HRC | 
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550°C (1025 E) — 595°C (HOO "FL S95 °C COD Ey 650°C (1200 °F 650 °C (1200 “Fy 
Alloy grade times’? а 2h 2+2 2h 242h 
CPM Rex 20. 675 66 685 w 57 
CPM M42 67.5 65.5 65 59 55.5 
Conventional M42 67.5 вз 65 59 55 
Source: Ref 3 
Table 5 Hot hardness of CPM alloys 
= — — Mot hardness, НЕС — 1 
‘At room temperature мю м 595 °%¢ AL 650°C AL room temperature 
Alloy grade before test (1000 °F) (1100 °F) (1200 °F) after test 
СРМ Rex 20... 67.5 ET 560 47.5 4.0 
CPM Mà... 67.0 58.5 560 48.0 63.0 
Conventional M42 66.5 585 56.0 48.0 62.0 


Source: Ref à 





Table 6 Charpy C-notch impact energy and bend fracture strengths of 


CPM alloys and conventional alloy 








лачат Charpy Cnotch Tend fracture 
temperature, Hardiness, impact energy strength 

Alloy "C т HRC 4 ты Mia ksi 

СРМ Rex 20- ИЛ 2175 ers 16 12 ГЛ 381 

CPM МА? 1190 2175 675 16 n 3006 

Conventional M42 1190 2175 67.5 7 5 2565 372 


Шш 4 min sok in salt hath and eil quenched, Tempered at $50 7С 010 


025 'Е) three times for 2h, Source: Ref 3 





Table 7 Lathe tool test results on CPM alloys 





Austenitizing 


Mank wear =) 
Continuous 









temperature Hardness, cut on HIS cut on PM Rene 95 
Alloy grade * + нис steel at SSHRC steel at 33 HRC at 33 HRC 
CPM Rex 20... 190 — 205 67.5 8.5 14 31 
CPM M42 neo 2075 67 х 16 27 
Test conditions. 
Speed, т/х sfm) - 0.20 (40) 0.20 (40) 0.06 (12) 
Feed, mm/rev (in./rev) 0.10 (0.004) 0.14 (0.0055) 0.18 (0.007) 
Depth of cut, mm (in.) 1.57 (0.062) 1.57 (0.062) 1.57 (0.062) 
Coolant. None None None 





particle shape and size distribution, The 
powder is then annealed and pressed into 
green compacts, either by conventional me- 
chanical pressing or by cold isostatic press- 
ing. When part geometry allows, the part is 
compacted by filling a closed die with an- 
nealed powder and compacting with pres- 
sure ranging from 414 to 690 MPa (60 to 100 
ksi). Cold isostatic pressing is more suitable 
for parts of relatively low volume. high 
complexity, and liberal tolerance; mechan- 
ical pressing is more suitable for parts of 
relatively high volume. low complexit 
close tolerance. Examples of isostatic 
pressed and mechanically pressed parts are 
shown in Fig. 13. For more information on 
cold isostatic pressing, see the article Cold 
Isostatic Pressing of Ме! 
Volume 7 of the 9th Edition of Metals 
Handbook. 

The compact is then sintered in a special- 
ly built vacuum sintering furnace. After 
sintering, it emerges from the furnace fully 
dense. For more information on vacuum 




















sintering, see the article “Production Sin- 
tering Practices for P/M Materials" in Vol- 
ume 7. 

Advantages. Hardenability, elongation. 
and impact strength of materials drop si; 
nificantly if small amounts of porosity (even 
1 or 2%) are present. This has often limited 
the applicability of pressed and sintered 
powdered metals in demanding applica- 
tions. Because the FULDENS process pro- 
vides a finished part of nearly 100% density. 
good properties and product performance 
can be expected. 

In the FULDENS process, only the net 
weight of materials in the preform is actu- 
ally used. In conventional manufacturing. 
much material is wasted in the form of 
chips. With higher-alloy high-speed tool 
steels that contain cobalt, molybdenum, 
and tungsten (materials often in short sup- 
ply). savings in scrap reduction by using 
P/M processing can be substantial. The 
FULDENS process also eliminates much 
preheat-treat machining labor. 
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Applications. Components produced by 
the FULDENS process should bc consid- 
ered for applications in which the following 
conditions exist: 


Low net-to-gross weight ratios 
Relatively high strength-to-ductility ratios 
High wear environments 

High temperature environments 

* High Hertz stresses 


Applications in which fully dense P/M high- 
specd tool steel parts are currently in use 
include screw machine tooling, gear cutting 
tools, high-speed tool steel indexable in- 
serts, and forming tools. 


Applications of P/M 
High-Speed Tool Steels 


Milling. Milling cutters. such as those 
shown in Fig. 14, are emerging as a major 
application of P/M high-speed tool steels. 
Stock removal rates can usually be in- 
creased by raising the cutting speed and/or 
feed rate. In general, the feed per cutter 
tooth is increased in roughing operations, 
and the cutting speed is increased for finish- 
ing operations. 

The performances of conventionally pro- 
cessed and P/M high-speed tool steel end 
mills in milling Ti-6Al-4V have been evalu- 
ated. In these tests, ASP 30 and ASP 60 
were compared to M42. The cutting condi- 
tions used for this evaluation are given in 
Fig. 15. which shows tool life versus cutting 
speed. Both feed per tooth (0,203 mm, or 
0.008 in.) and cutting speeds (745.7 m/min, 
or 150 sfm) are higher than those used in 
production practice for machining aircraft 
parts. Ata constant metal removal rate that 
corresponds to a cutting speed of 53.3 m/ 
min (175 sfm), ASP 60 and ASP 30 lasted 
eight times and 4.5 times longer, respective- 
ly, than the M42 end mill. 

Other materials machined by P/M high- 
speed tool steel milling cutters include 
tough, hardened steels such as 4340, aus- 
tenilic stainless steels such as AISI type 
316, and nickel-base superalloys such as 
Nimonic 80. 

Hole Machining. Reamers, taps. and 
drills (Fig. 16) are also made from P/M 
high-speed tool steels. In one application, 
the tool life of 14-20 GH3 four-flute plug 
taps made from CPM M4 and conventional 
MI. M7, and M42 were compared. The 
operation consisted of tapping a reamed 
5.18 mm (0.204 in.) diam, 12.7 mm (0.500 
) deep through-hole in AISI 52100 steel at 
32 to 34 HRC using a speed of 7.8 m/min (26 
sfm) and chlorinated tapping oil. Eight to 
thirteen taps of cach grade were tested. The 
CPM M4 tap had an average tool life of 157 
holes tapped before tool failure, compared 
to 35 holes for M1, 18 holes for M7, and 32 
holes for M42. The tool life of the CPM M4 
in this application was about five times the 
life of conventional M42. 
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Fig. 12 The FULDENS process for producing too! 


Broaching. These tools constitute anoth- 
er major application for P/M high-speed tool 
steels because tool life is often improved 
when P/M steels are used to broach diffi- 
cult-to-cut materials such as case-hardened 
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steel powder. Source: Ref 4 


steels and superalloys. One application re- 
quired broaching six ball tracks that are 
used in front-wheel-drive automobiles in 
constant-velocity joint hubs made of a case- 
hardening stecl. Figure 17 shows the joint 


(b) 








n Typical milling cutters made from P/M 
Fig. 14 „зей tool steels. Courtesy of Speed- 
steel Inc. 


hubs and broaching tool used in this appli- 
cation 

In this broaching application. surface fin- 
ish and form tolerance requirements are 
high because subsequent machining is not 
performed on the ball tracks. In broaching 
with tools 18.0 mm (0.709 in.) in diameter 
and 185.0 mm (7.283 in.) in length made 
from low-carbon M35 steel (similar to МАТ 
in chemical composition), the total number 
of hubs machined per tool was 5600. The 
M35 tools experienced severe flank wear 
and developed a large built-up edge. which 





Fig. 13 Examples of ports manufactured by the FULDENS process. Note the complexity of shapes attainable by this process. (a) Using cold isostatic pressing. (b) Using 


mechanical pressing 
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End mill test on Ti-6Al-4V. Hardness: 321 
Fig. 15 & 


produced poor surface finishes. With an 
ASP 30 tool, 20 000 parts were produced. 
Large broaching tools, such as those 
shown in Fig. 18, are also being made from 
P/M high-speed tool steels, such as P/M M3 
and M4, to upgrade the broach material. In 
general, large rounds for broaches are not 
available in conventional high-speed tool 
steels in sizes above about 254 mm (10 in.), 
but larger sizes are available in P/M high- 
speed tool steels. One application for these 
tools is the broaching of involute splines in 
bores of truck transmission gear blanks. 
Bores up to 305 mm (12 in.) in diameter by 








А Reamers, taps, and drills mode from P/M 
Fig. 16 коры tool steels. Courtesy of Cruci- 
ble Materials Corporation 


1380 mm (54% in.) long have been cut using 
such tools. 

Gear Manufacturing. Gear hobs (Fig. 
19) made from P/M high-speed tool steels 
can also provide substantial cost reductions 
by increasing machining rates. One applica- 
tion called for hobbing of rear axle gears for 
heavy-duty trucks and tractor differentials. 
Hobs made of conventionally processed 
AISI M35 (65 HRC) and ASP 30 (67 HRC) 
were compared. Test parameters for both 
materials were: 





Fig. 17 
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e Hob dimensions: 152 mm (6 in.) diam x 50 
mm (2 in.) diam x 205 mm (8 in.) length 

е Work material: Casc-hardening steel (Fe- 
L2Ni-ICr-0.2C-0.12Mo): hardness: 160 
to 180 HB 

e Cutting speed: 70 m/min (230 ft/min) 

e Spindle speed: 150 rev/min 

e Roughing: Feed. 4.24 mm (0.167 іп.); 

depth of cut, 15.0 mm (0.591 in.) 

Finishing: Feed, 5.92 mm (0.233 in.); 

depth of cut, 0.81 mm (0.032 in.) 

Coolant: Cutting oil 

Number of parts per resharpening: 20 












Production results showed that the flank 
wear land on the hobs made of ASP 30 (0.44 
mm. or 0.017 in.) was much less than hobs 
made of M35 (0.71 mm, or 0.028 in.). Chip- 
ping of the edges was infrequent on the ASP 
30 hobs, while the M35 hobs frequently 
displayed such damage. ASP 30 is now the 
standard grade for hobs used by one auto- 
motive manufacturer. 

Tool Bits. Figure 20 shows tool bits that 
have been produced using P/M high-speed 
tool steels. Typical applications include ma- 
chining of turbine blades made from super- 
alloys and turning of hardened steels, such 
as AISI 4340 (1.9Ni-0.75Cr-0.4C) 
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{b} A 


Broaching application, (a) Tool made of P/M high-speed tool steel that wos used to produce ball tracks on joint hub. (b) ASP 30 tools produced 20 000 parts 
compared to 5600 parts by tools made from conventional high-speed tool steel. Courtesy of Speedsteel Inc. 
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Gear hobs made from P/M high-speed 
tool steels. Courtesy of Speedsteel Inc 
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Tool bits made from P/M high-speed tool 
steels. Courtesy of Crucible Materials 
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Cast Cobalt Alloys 


CAST COBALT ALLOYS were devel- 
oped to bridge the gap between high-speed 
steels and carbides. Although comparable 
in room-temperature hardness to high- 
speed steel tools. cast cobalt alloy tools 
retain their hardness to a much higher tem- 
perature (Fig. 1) and can be used at higher 
(~20%) cutting speeds than high-speed steel 
tools. Unlike the high-speed steels that can 
be heat treated to obtain the desired hard- 
ness, cast cobalt alloys are hard in the 
as-cast condition and cannot be softened or 
hardened by heat treatment. 














shapes. Each of the melting and casting 
processes mentioned above is discussed in 
Volume 15 of the 9th Edition of Merals 
Handbook. 

Properties and Applications. Cast co- 
balt alloys contain a primary phase of co- 
balt-rich solid solution that is strengthened 
by chromium and tungsten and is dispersion 
strengthened by complex, hard, refractory 
carbides of tungsten and chromium (Ref 2, 
3). Nominal compositions for two commer- 
cially available grades are as follows: 

































The typical microstructure of a perma- 
nent graphite mold cast Tantung G alloy is 
shown in Fig. 2. Properties of Tantung G 
are given in Table 1. For comparison, per- 
manent mold cast Tantung 144 has a hard- 
ness of 61 to 65 HRC, a transverse strength 
of 2070 MPa (300 ksi), and an elastic mod- 
ulus of 295 GPa (43 x 10* psi). 

Tantung G is recommended for general- 
purpose cutting tools and parts for wear ap- 
plications, and it is more widely used than 
Tantung 144. Tantung 144 has higher hard- 
ness than Tantung G and was developed for 
use where resistance to abrasion is para- 
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Table 1 Typical properties of cast 
Tantung G 








Permanent Refractory 
Property mold cust mold cust 
Melting temperature. °C 

WEY ө. sess 00501000 1150-1200 


(2100-2200) (2100-2200) 
Casting temperature, "C 
ымен жесен 








1370 1370 
(2500) (2500) 
Density, віст! 
(йт, 5). . Iw кз 8.3 
(0.30) (0.30) 
Thermal expansion, umm -* 
(gin in. =*F). viu Жа 42 
оз оз 
Thermal conductivity, Wim + K 
(Bwn -h+ °F)... . 268 268 
ass ШЕ] 
Hardness, НЕС... 60-63 SESS 
strength, MPa 
mn . 1030-1200. 
4150-175) 
Modulus of elasticity. G 
(040^ рз)... E 265 
uan 
Tensile strength. MPa 
(К). 585-620 450 
(85-90) (65) 
Compressive strength, MPa 
(ks e£. EMO 2930 
1400) (425) 
Impact strength, J 
[000 verse СЯ! [3] 
(4.5) (4.5) 





alloys are attacked by strong acid solutions. 
alkalies, and solutions of some heavy-metal 
salts such as ferric chloride, ferric sulfate, 
and cupric chloride. 

When heated in air, Tantung G and Tan- 
tung 144 both tarnish on short-time expo- 





Fig. 2 
mix: 10 g sodium hydroxide, 10 g potassium ferricya- 


nide, 100 ml H,O). 400%. Courtesy of G.F. Vander 
Voort, Carpenter Technology 





sures at 400 °C (750 °F) and lose appreciable 
weight at 750 °С (1380 °F) or higher. Scaling 
may be progressive above 1000 °С (1830 °F). 
Hot hardness data for cast cobalt alloys are 
shown in Fig. 1. 

‘The use of cast cobalt cutting tools should 
be considered: 





@ Where relatively low surface speeds 
cause buildup with cemented carbides 

@ Where machines lack the power or rigid- 
ity to use cemented carbides effectively 


ө Where higher production is desired than 
is possible with high-speed steel tools 

© For multiple-tool operations in which 
the surface speed of one or more oper- 
ations falls between the recommended 
speeds for high-speed steel and carbide 
tools 

e For short runs on automatic equipment in 
which the form grinding of carbide tools 
is excessively costly 

€ For machining rough surfaces of castings 
where the surfaces contain abrasive ma- 
terial, such as residual sand, surface ox- 
ides, slag, or refractory particles 





Tools made of cast cobalt alloys usually 
are not recommended for light, very fast 
finishing cuts. Typical wear applications 
for these alloys include wear strips for belt 
sanders; dies for extruding copper, for 
extruding molybdenum tubing, and for hot 
swaging tungsten rod; burnishing rolls; in- 
ternal chuck jaws; drill bushings; and 
knives for slicing fruits, vegetables, and 
meat. 
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Cemented Carbides 


A.T. Santhanam and P. Tierney, Kennametal Inc. 


CEMENTED CARBIDES belong to à 
class of hard, wear-resistant, refractory ma- 
terials in which the hard carbide particles 
are bound together, or cemented, by a soft 
and ductile metal binder. These materials 
were first developed in Germany in the 
early 1920s in response to demands for a die 
material having sufficient wear resistance 
for drawing tungsten incandescent filament 
wires to replace the expensive diamond dies. 
then in use. The first cemented carbide to 
be produced was tungsten carbide (WC) 
with a cobalt binder. 

Tungsten carbide was first synthesized by 
the French chemist Henri Moissan in the 
1890s (Ref 1). There are two types of tung- 
sten carbide: WC, which directly decom- 
poses at 2800 ^C (5070 ^F), and М.С. which 
melts at 2750 "C (4980 °F) (Ref 2, 3). Early 
attempts to produce drawing dies from a 
eutectic alloy of WC and М.С were unsuc- 
cessful, because the material had many 
flaws and fractured easily. The use of pow- 
der metallurgy techniques by Schroeter in 
1923 paved the way for obtaining a fully 
consolidated product (Ref 4). Schroeter 
blended fine WC powders with a small 
amount of iron, nickel, or cobalt powders 
and pressed the powders into compacts. 
which were then sintered at approximately 
1300 °C (2400 °F), Cobalt was soon found to 
be the best bonding material. Over the 
years, the basic WC-Co material has been 
modified to produce a variety of cemented 
carbides, which are used іп a wide range of 
applications, including metal cutting, min- 
ing, construction, rock drilling, metal form- 
ing, structural components, and wear parts. 
Approximately 50% of ull carbide produc- 
tion is used for metal cutting applications. 
Although the term cemented carbide is 
widely used in the United States, these 
materials are better known as hard metals 
internationally. 

This article will discuss the manufacture 
and composition of cemented carbides and 
their microstructure, classifications, appli- 
cations, and physical and mechanical prop- 
erties. New tool geometries, tailored sub- 
strates, and the application of thin, hard 
coatings to cemented carbides by chemical 
vapor deposition and physical vapor depo- 
sition will also be discussed. This article is 
limited to tungsten carbide cobalt-base ma- 








terials. Information on titanium carbide 
nickel-base materials is given in the article 
“Cermets” in this Volume. Extensive re- 
views of the scientific and industrial aspects 
of cemented carbides are available in Ref 5 
to 8. 





Manufacture of 
Cemented Carbides 


Cemented carbides are manufactured by 
a powder metallurgy process consisting of a 
sequence of steps in which each step must 
be carefully controlled to obtain a final 
product with the desired properties, micro- 
structure, and performance. The steps in- 
clude: 


* Processing of the ore and the preparation 
of the tungsten carbide powder 

* Preparation of the other carbide powders 

* Production of the grade powders 

* Compacting or powder consolidation 

© Sintering 

* Postsinter forming 


The sintered product can be directly used or 
can be ground. polished. and coated to suit 
à given application. 

Preparation of Tungsten Carbide Pow- 
der. There are two methods by which tung- 
sten carbide powders are produced from the 
tungsten-bearing ores. Traditionally. tung- 
sten ore is chemically processed to ammo- 
nium paratungstate and tungsten oxides. 
These compounds are then hydrogen-re- 
duced to tungsten metal powder. The finc 
tungsten powders are blended with carbon 
and heated in a hydrogen atmosphere be- 
tween 1400 and 1500 °C (2500 and 2700 °F) 
to produce tungsten carbide particles with 
sizes varying from 0.5 to 30 um (Fig. 1). 
Each particle is composed of numerous 
tungsten carbide crystals. Small amounts of 
vanadium, chromium. or tantalum are 
sometimes added to tungsten and carbon 
powders before carburization to produce 
very fine (<1 ит) WC powders. 

In a more recently developed and patent- 
ed process, tungsten carbide is produced in 
the form of single crystals through the direct 
reduction of tungsten ore (sheelite) (Ref 9). 
The ore is mixed with iron oxide. alumi- 
num, carbon, and calcium carbide. A high- 

















Tungsten corbide particles produced by the 
corburization af tungsten and carbon 


Fig. 1 
10 000 


temperature exothermic reaction (2Al + 
3FeO = ALO, + 3Fe) at about 2500 °C 
(4500 °F) produces a molten mass that, 
when cooled, consists of tungsten carbide 
crystals dispersed in iron, and a slag con- 
taining impurities. The crystalline WC (Fig. 
2) is then chemically separated from the 
iron matrix, 

Tungsten-titanium-tantalum (niobium) 
carbides are used іп stecl-cutting grades to 
resist cratering or chemical wear and are 
produced from metal oxides of titanium, 
tantalum, and niobium. These oxides are 
mixed with metallic tungsten powder and 
carbon. The mixture is heated under a hy- 
drogen atmosphere or vacuum to reduce the 
oxides and form solid-solution carbides 
such as WC-TIC, WC-TiC-TaC, or WC- 
TiC-(Ta, МЫС. The menstruum method can 
be used to produce WC-TiC solid solution. 
In this method, the individual carbides are 
dissolved in liquid nickel. Solid-solution 
carbides are then precipitated during cool- 
ing (Ref 10). 

Production of Grade Powders, Cement- 
ed carbide grade powders may consist of 
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Tungsten corbide single crystals produced by 
the direct reduction of tungsten ore. 200% 


Fig. 2 


WC mixed with a finely divided metallic 
binder (cobalt, nickel, or iron) or with addi- 
tions of other cubic carbides, such as ТЇС. 
TaC, and NbC, depending on the required 
properties and application of the tool. Inten- 
sive milling is necessary to break up the 
initial carbide crystallites and to blend the 
various components such that every carbide 
particle is coated with binder material. "This 
is accomplished in ball mills. vibratory 
mills, or attritors that use carbide balls. The 
mills are usually lined with carbide sleeves, 
although mills lined with low-carbon steel 
or stainless steel are also used. 

Milling is performed under an organic 
liquid such as heptane or acetone to mini- 
mize heating of the powder and to prevent 
its oxidation. The liquid is distilled off after 
the milling operation. A solid lubricant such 
as paraffin wax is added to the powder 
blend in the final stages of the milling pro- 
cess or later in a blender. The lubricant 
provides a protective coating to the carbide 
particles and prevents or greatly reduces 





the oxidation of the powder. The lubricant 
also imparts strength to the pressed or con- 
solidated powder mix. 

After milling, the organic liquid is re- 
moved by drying. In a spray-drying process 
commonly used in the cemented carbide 
industry, a hot inert gas such as nitrogen 
impinges on a stream of carbide particles. 
This produces free-flowing spherical pow- 
der aggregates. 

Powder Consolidation. A wide variety of 
techniques are used to compact the cement- 
ed carbide grade powders to the desired 
shape. Carbide tools for mining and con- 
struction applications are pill pressed (pres- 
sure applied in one direction) in semiauto- 
matic or automatic presses. Metal cutting 
inserts are also pill pressed, but may require 
additional shaping after sintering. Cold 
isostatic pressing, in which the powder is 
subjected to equal pressure from all direc- 
tions, followed by green forming, is also a 
common practice for wear and metal form- 
ing tools. Rods and wires are formed by the 
extrusion process. 

Unlike most other metal powders, ce- 
mented carbide powders do not deform 
during the compacting process. Generally. 
they cannot be compressed to much above 
65% of the theoretical upper limit for den- 
sity. Despite this low green density, carbide 
manufacturers have developed the t 
ogy for achieving good dimensional toler- 
ances in the sintered product. 

Sintering and Postsintering Opera- 
tions. The first step in the sintering process 
is the removal of the lubricant (dewaxing) 
from the powder compact. The pressed 
compacts are normally set on graphite trays 
coated with a graphite paint. The compacts 
are first heated to about 500 °С (900 °F) in à 
hydrogen atmosphere or vacuum using ei- 
ther semicontinuous or batch-type graphite 
furnaces. 

After lubricant removal, the compacts are 
heated in a vacuum (0.1 Pa, or 10° torr) to 
a final sintering temperature ranging from 
1350 to 1600 °C (2460 to 2900 °F), depending 
on the amount of the cobalt binder and the 
desired microstructure. The dewaxing and 
sintering operations can also be performed 














Table 1 Properties of refractory metal carbides 











Coefficient of 
Modulus of Thermal 
Hardness, Crystal Г Meling point — Theoretical elasticity ‘expansion, 
Carbide HV (80 kg) structure £ epl вашу! GPs psi X10 ртт К 
Tic 3000 Cubic 30 — sen 494 451 654 13 
ve 2900 Cubic Yo 40 571 42 62 12 
HIC 2600 Cubic 39007050 12.76 32 51 66 
ZC.. 2700 Cubic 300 6150 6.56 348 505 67 
NbC 2000 Cubic 3600 6500 7.80 338 490 67 
CC; 1400 Orthorhombic — 180Xa) 3250 666 эз 51 103 
we (0001)2200 Hexagonal 2800) 5050 15:7 6% 01 (0001) 5.2 
(ТОТО) 1300 (010) 7.3 
мәс 1500 Hexagonal 2800 4550 9.18 әз 73 78 
тас 1800 Cubic 3800 — 6x50 14.50 285 413 63 


(i) Not cijngruently melting. dissociation temperature. Source: Ref К 





in a single vacuum cycle using furnaces 
equipped to condense the lubricant and 
remove it from the heating chamber. 

During the final sintering operation, the 
cobalt melts and draws the carbide particles 
together. Shrinkage of the compact ranges 
from 17 to 25% on a linear scale, producing 
a virtually pore-free, fully dense product. 

In the 1970s, the cemented carbide indus- 
try took advantage of hot isostatic pressing 
(HIP) technology, in which vacuum- 
sintered material is heated again under a 
gaseous (argon or helium) pressure of 100 to 
150 MPa (15 to 20 ksi) (Ref 11). The tem- 
peratures of this additional process are 2510 
50 °С (45 to 90 °F) below the sintering 
temperatu! The high temperatures and 
pressures employed in the HIP furnace re- 
move any residual internal porosity, pits. or 
flaws and produce a nearly perfect cement- 
ed carbide. 

The latest advancement in sintering tech- 
nology is the sinter-HIP process, which was 
developed in the early 1980s (Ref 12). In this 
process, low-pressure hot isostatic pressing 
(up to about 7 MPa, or 1 ksi) is combined 
with vacuum sintering, and the pressure is 
applied at the sintering temperature when 
the metallic binder is still molten. With this 
process, void-free products can be pro- 
duced at costs only slightly higher than 
those of vacuum sintering. 

Postsinter Forming. A large number of 
cemented carbide products are shaped after 
sintering because of surface finish, toler- 
ance, and geometry requirements. This 
forming operation is both time consuming 
and expensive. The sintered material is 
formed with metal-bonded diamond or sili- 
con carbide wheels, turned with a single- 
point diamond tool, or lapped with dia- 
mond-containing slurries. 

















Cemented Carbide 
Compositions and 
Microstructures 


The performance of carbide cutting tools 
is strongly dependent on composition and 
microstructure, and the properties of ce- 
mented carbide tools depend not only on 
the type and amount of carbide but also on 
the carbide grain size and the amount of 
binder metal. The basic physical and me- 
chanical properties of refractory metal car- 
bides used in the production of cemented 
carbide tools are given in Table 1. Tungsten 
carbide and molybdenum carbide have hex- 
agonal crystal structures, while the carbides 
of titanium, tantalum, niobium, vanadium. 
hafnium, and zirconium are cubic. They 
undergo no structural changes up to their 
melting points. 

Tungsten Carbide-Cobalt Alloys. The 
first commercially available cemented car- 
bides consisted of tungsten carbide particles 
bonded with cobalt. These are commonly 
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Table 2 Properties of representative cobalt-bonded cemented carbides 


Cemented Carbides / 73 





Coefficient of thermal 
















‘Transverse Compressive Modulus of Relative. expansion. mim. "Thermal 
Grain Hardness, р Demi —у strength strength elasticity abrasion m 200°C at 1000 conductivity, 
Nominal composition sie HRA gem! єз” MPa — ki MPa ki GPa рх  resistanceta)  (390°F) (1830 °F) Wim K 
STWC-3Co „Мейит 9215-932 — 153  &85 1590 230 5860 880 БИ 9з 100 40 [ЕП 
9WC-6Co. . Fine 925-93.) 150 867 — 179) 260 5930 860 бм Б 100 43 59 : 
Medium 2.2 150 867 200 290 5450 790 68 94 58 43 54 100, 
Coarse Is0 X6 220 30 5170 750 6l эз 25 43 5.6 n 
SOWC-I0Co. Fine. 146 — 844 3100 450 5170 750 620 R. . 
Coarse — 874-8&2 14.5 8 2760 400 4000 580 552 7 52 n2 
BIWC-16Co.. Fine БЫ 139 — R04 — 3280. 490 4070 590 S24 78 5 . 
Coarse — 86.0-87.5 — 139 — 804 2900 420 3860 560 504 76 $ 58 70 зк 
TSWC-25Co. Medium 83-85 13.0 752 2550 370 300 450 483 70 à 63 7 
TIWC-I2STiC-I?TaC-.SCo.. Medium.  92.4-92.8 120 694 138) 200 5790 840 565 x n 32 65 35 
TIWC-STiC-M.STaC-8.SCo.. Мейит 90.7-91.5 126 7.29 — 1720 250 5170 750 5% Ш 13 5% 68 50 


(а) Based ona value of 100 for the most ubrusion-resistant material 





referred to as straight grades, These alloys 
exhibit excellent resistance to simple abra- 
sive wear and thus have many applications 
in metal cutting. Table 2 lists the repre- 


sentative properties of several straight WC- 
Co alloys. 

The commercially significant alloys con- 
tain cobalt in the range of 3 to 25 wt%. For 
machining purposes, alloys with 3 to 12% 




















Fig. 3 


Murakami's reagent for 2 min. 1500 


Co and carbide grain sizes from 0.5 to more 
than 5 ат are commonly used. 

The ideal microstructure of WC-Co alloys 
should exhibit only two phases: angular WC 
grains and cobalt binder phase. Repre- 
sentative microstructures of several straight 
WC-Co alloys are shown in Fig. 3. The 
carbon content must be controlled within 
narrow limits. Too high a carbon content 


Microstructures of straight WC-Co alloys. (о) 97WC-3Co alloy, medium grain size. (b) 94WC-6Co alloy, 
medium grain. (с) 94WC-6Co alloy, coarse grain. (d) 85WC-15Co alloy, coarse grain. All etched with 


Fig. 4 
‘example 


results in the presence of free and finely 
divided graphite (Fig. 4), which in small 
amounts has no adverse effects in machin- 
ing applications, Deficiency in carbon, how- 
ever, results in the formation of a series of 
double carbides (for example, Co,W4C or 
Co,W,C). commonly known as y phase, 
which causes severe embrittlement. Be- 
cause the formation of тү phase involves the 
dissolution of the original carbides into the 
cobalt binder, 4 phase appears as an irreg- 
ularly shaped phase in the microstructure 
(Fig. 5). 

Submicron Tungsten Carbide-Cobalt 
Alloys. In recent years, WC-Co alloys with 
submicron carbide grain sizes (Fig. 6) have 
been developed for applications requiring 
more toughness or edge strength. Typical 
applications include indexable inserts and a 
wide variety of solid carbide drilling and 
milling tools. Grain refinement in these al- 
loys is obtained by small additions (0.25 to 
3.0 wt%) of tantalum carbide, niobium car- 
bide. vanadium carbide, or chromium car- 
bide. Additions can be made before carbu- 
rization of the tungsten or later in the 
powder blend. Vanadium carbide is the 








Free graphite in a tungsten carbide alloy. 
Black areas contain graphite and ore an 
of C-type porosity. Polished 86WC- 


8(To, Ti, МЫС-6Со alloy. 1005x 
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Fig. 5 рсе microstructure. Micrograph shows o 
g- 5 (Co,W,)C-n phase in detail, т) phase ap- 
pears as various shades of gray with clearly delined grain. 
Boundaries. Light gray WC particles surrounded by 7 
phase are rounded becouse of the solubility of tungsten 
carbide in the binder. 85WC-B(Ta, Ti, Nb)C-7Co alloy 
etched with Murakami's reagent for 3 s. 900» 





most effective grain growth inhibitor. Chro- 
mium carbide, in addition to being an effi- 
cient grain growth inhibitor, imparts excel- 
lent mechanical properties. Tantalum 
carbide is not as effective vanadium 
carbide or chromium carbide in grain refine- 
ment. 

Alloys Containing Tungsten Carbide, 
Titanium Carbide, and Cobalt. The tung- 
sten carbide-cobalt alloys, developed in the 
early 19205, were successful in the machin- 
ing of cast iron and nonferrous lloys at 
much higher speeds than were possible with 
high-speed steel tools. but were subject to 
chemical attack or diffusion wear when 
cutting steel. As a result, the tools failed 
rapidly at speeds not much higher than 
those used with high-speed steel. This led to 
the development of WC-TiC-Co alloys. 

Tungsten carbide diffuses readily into the 
steel chip surface, but the solid solution of 

















Fig. 7 


Representative microstructures of steel-cutting grades of tungsten carbide 
alloy, medium grain. (c) 73WC-19{Ta, Ti, Nb)C-BCo alloy, medium groin. The gray, 
carbides. The white areas are cobalt binder. All etched with Murakami’s reagent for 2 min. 1500% 









Fig. 6 Submicron carbide grain size. 94WC-6Co 


alloy. Etched with Murakami’s reagent for 2 
min. 1500x 


tungsten carbide and titanium carbide re- 
sists this type of chemical attack. Unfortu- 
nately, titanium carbide and WC- solid 
solutions are more brittle and less abrasion 
resistant than tungsten carbide. The amount 
of titanium carbide added to tungsten car- 
bide-cobalt alloys is therefore kept to a 
minimum, typically no greater than 15 wt% 
The carbon content is less critical in WC- 
TiC-Co alloys than in WC-Co alloys, and 
the т phase does not appear in the micro- 
structure unless carbon is grossly inade- 
quate. In addition, free graphite rarely oc- 
curs in these alloys. 

Steel-Cutting Grades of Carbide Al- 
loys. The WC-TiC-Co alloys have given 
way to alloys of tungsten carbide, cobalt. 
titanium carbide, tantalum carbide. and nio- 
bium carbide. The tungsten carbide-cobalt 
alloys containing TiC, TaC, and NbC are 
called complex grades, multigrades, or 
steel-cutting grades. Adding TaC to WC- 











TiC-Co alloys partially overcomes the del- 
eterious effect of TiC on the strength of 
WC-Co alloys. Tantalum carbide also re- 
sists cratering and improves thermal shock 
resistance. The latter property is particular- 
ly useful in applications involving interrupt- 
ed cuts. Tantalum carbide is often added as 
(Ta,Nb)C because the chemical similarity 
between TaC and NbC makes their separa- 
tion expensive. Fortunately, NbC has an 
effect similar to TaC in most cases, The 
relative concentrations of tantalum carbide 
and niobium carbide in these alloys are 
dependent on the raw material used, the 
desired composition, the properties. and the 
microstructure. 

Unlike the WC-Co alloys, the microstruc- 
ture of WC-TiC-(Ta,Nb)C-Co alloys shows 
three phases: angular WC grains, rounded 
WC-TiC-(Ta,Nb)C solid-solution grains, 
and cobalt binder. The solid-solution car- 
bide phase often exhibits a cored structure, 
indicating incomplete diffusion during the 
simering process. Representative micro- 
structures of several WC-TiC-(Ta,Nb)C al- 
loys are shown in Fig. 7. The size and 
distribution of the phases vary widely, de- 
pending on the amounts and grain sizes of 
the raw materials employed and on the 
method of manufacture. Similarly, the prop- 
erties of these complex alloys also vary 
widely, as indicated in Table 2 for a few 
representative stecl-cutting grades, 























Classification of 
Cemented Carbides 


There is no universally accepted system 
for classifying cemented carbides. The sys- 
tems most often employed by producers 
and users are discussed below. Each system 
has inherent strengths and weaknesses in 
describing specific materials, and for this 
reason close cooperation between user and 


(a) 85WC-9{To, Ti, NbjC-6Co alloy, medium grain size. (b) 78WC-15(Ta, Ti, Nb)C-7Co 
‘angular particles are WC, ond the dark gray, rounded porticles are solid-solution 
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Table 3 C-grade classification of 
cemented carbides 
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Trade Application category 





Machining of cast iron, nonferrous, and nonmetallic 
materials 











C4 Roughing 
С; : General-purpose machining. 
c: Finishing 

C4. +. Precision finishing 
Machining of carbon and alloy steels 

[TM - Roughing 

Ch.. sa General-purpose machining 
С7.. Finishing 

сз Precision finishing 








producer is the best means of selecting the 
proper grade for a given application. 

C-Grade System. The U.S. carbide in- 
dustry uses an application-oriented system 
of classification to assist in the selection of 
proper grades of cemented carbides. This 
C-grade system does not require the use of 
trade names for identifying specific carbide 
grades (Table 3). Although this classifica- 
tion simplifies tool application, it does not 
reflect the material properties that signifi- 
cantly influence selection of the proper car- 
bide grade. Additionally, the definitions of 
work materials involved in this classifica- 
tion scheme are imprecise. There is also no 
universal agreement on the meanings of the 
terms used to describe the various applica- 
tion categories. Despite these limitations, 
the C-grade classification has been success- 
fully used by the manufacturing industry 
since 1942, 

ISO Classification. In 1964, the Inter- 
national Organization of Standardization 
(ISO) issued ISO Recommendation R513 
"Application of Carbides for Machining by 
Chip Removal" The basis for the ISO 
classification of carbides is summarized in 
Table 4. 

In the ISO system, all machining grades 
are divided into three color-coded groups: 


* Highly alloyed tungsten carbide grades 
(letter P, blue color) for machining steel 
* Alloyed tungsten carbide grades (letter 
M, yellow color, generally with less TiC 
than the corresponding P series) for mul- 
tipurpose use. such as steels, nickel-base 
superalloys, and ductile cast irons 
© Straight tungsten carbide grades (letter 
K, red color) for cutting gray cast iron, 
nonferrous metals, and nonmetallic mate- 
rials 
Each grade within a group is assigned a 
number to represent its position from max- 
imum hardness to maximum toughness. P- 
grades are rated from 01 to 50, M-grades 
from 10 to 40, and K-grades from 01 to 40. 
Typical applications are described for 
grades at more or less regular numerical 
intervals. Although the coated grades had 
not been developed at the time the [SO 


































































Table 4 ISO R513 classification of carbides according to use for 
T Groups of application. | 
Designation) Material to be machined Use and working conditions 
Pot. +- Steel, steel castings Finish turning and boring: high cutting 
speeds, small chip section. accuracy of 
dimensions and fine finish. 
Vibration-free operation 
P 10. Steel, steel castings Turning, copying, threading, and milling: 
high cutting speeds. small or medium 
chip sections. 
P20.. + Steel, steel castings. malleable cast iron Turning, milling, medium cutting 
with long chips р sections; planing with 
small chip sections 
P30, Steel, steel castings, malleuble cast iron Turning, milling, planing. medium or low 
with long chips cutting speeds, medium or large chip 
sections, and machining in unfavorable 
conditionstbi 
P40, Steel, steel castings with sand inclusion Turning. planing, slotting, low cutting 
and cavities speeds, large chip sections with the 
possibility of large cutting angley for 
machining in unfavorable conditionstb) 
and work on automatic machines 
P50, : steel castings of medium or low For operations demanding very tough 
tensile strength. with sand inclusion and carbide: turning, planing, slotting, low 
cavities cutting speeds, large chip sections, with 
the possibility of large cutting angles for 
machining in unfavorable conditionstb] 
and work on automatic machines 
мю Steel. steel castings, manganese steel, gray Turning. medium ог high cutting speeds; 
cast iron, alloy cast iron small or medium chip sections 
MW.. Steel, steel castings. austenitic or Turning, milling; medium cutting speeds 
mai € steel, gray cast iron and chip sections | 
мз Steel. steel castings. austenitic steel. gray — Turning, milling. planing: medium cutting 
cast iron, high-temperature resistant speeds, medium or large chip sections 
alloys 
M 40 Mild free-cutting stecl, low-tensile steel, — Turning. parting off, particularly on 
nonferrous metals. and light alloys automatic machines 
ко Very hard gray cast iron. chilled castings Turning, finish turning. boring, milling, 
of over 85 scleroscope hardness, scraping 
high-silicon aluminum alloys. hardened 
steel, highly abrasive plastics, hard 
cardboard. ceramics 
кю Gray cast iron over 220 НВ. malleable Turning, milling. drilling, bor 
cast iron with short chips. hardened broaching. scraping, 
steel. silicon aluminum alloys, copper 
loys. plastics, glass. hard rubber, hard 
irdboard. porcelain, stone 
K20 ; + Gray cast iron up to 220 НВ. nonferrous Turning. milling, planing. bot 
metals: copper. brass, aluminum brouching. demanding very tough 
carbide 
Kw... 22227 Lowchardness gray cast iron. low-tensile Turning. milling. planing, slotting, for 
compressed wood machining in unfavorable conditions(b] 
ge cutting 
K 40 Я ++ Softwood or hardwood, nonferrous metals — Turning, milling, planing, slotting, for 


(а) In each letter category, low desigr 
heavier feeds. Also, increasing design: 
materials. (b) Unfavorable condition: 
having variable hardness; and machi 
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machining in unfavorable conditions) 
and with the possibility of large cutting 
angles 


amber» ure for high speeds and light feeds: higher numbers ute for slower speeds andlor 
у increasing toughness and dec 
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Classification system was prepared. one 
should be able to classify them as easily as 
the uncoated grades. 





Tool Wear Mechanisms 


The cutting of metals involves extensive 
plastic deformation of the workpiece ahead 
of the tool tip, high temperatures. and se- 
vere frictional conditions at the interfaces of 
the tool, chip, and workpiece. Most of the 
work of plastic deformation and friction is 
Converted into heat. In cutting, about 80% 
of this heat leaves with the chip, but the 








other 20% remains at the tool tip, producing 
high temperatures (=1000 °C. or 1800 °F) 
(Ref 13). The stresses on the tool tip are also 
high: the actual values are dependent on the 
workpiece material and the machining con- 
ditions. In addition, the tool may experi- 
ence repeated impact loads during inter- 
rupted cuts, and the freshly produced chips 
may chemically interact with the tool mate- 
rial. The cutting tool is thus subjected to a 
variety of hostile conditions. 

The performance of a tool material is 
dictated by its response to the above condi- 
tions existing at the tool tip. High tempera- 
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Crater E. 
wear L^ 





Depth-of-cut 
notch 


(а) 





(с) 
Fig. 8 


(b) 


(9) 


Crater wear, flank wear, and depth-of-cut notch wear processes. (o) Schematic of wear mechanisms. (b) 
Crater wear on a cemented carbide tool produced during the machining of plain carbon steel. 15%. (c) 


‘Abrasive wear on the flank face of a cemented carbide tool produced during the machining of gray cost iron. 75X 
(d) Depth-of-cut notching on a cemented carbide tool produced during the machining of a nickel-base superalloy. 15 


tures and stresses can cause blunting from 
the plastic deformation of the tool tip, and 
high stresses may lead to catastrophic frac- 
ture. In addition to plastic deformation and 
fracture, the service life of cutting tools is 
determined by a number of wear processes. 
such as crater wear, attrition wear, flank or 
abrasive wear, thermal fatigue, and depth- 
of-cut notching. 

Crater wear (Fig. 8a and b) occurs on the 
rake face, where the tool temperatures are 
higher. Crater wear is caused by a chemical 
interaction between the rake face of the 
insert and the hot metal chip flowing over 
the tool. This interaction may involve diffu- 
sion or dissolution of the tool material into 
the chip. The chemical inertness of the tool 
material Cor its coating) relative to the work- 
piece material is a requisite property for 
crater resistance. 

Attrition Wear and Built-Up Edge. If 
machining is done at relatively low speeds 
and if the tool tip temperature is not high 
enough for crater wear or deformation to be 
significant. attrition may become the domi- 
nant wear process. The attrition process 

















may occur when there is an intermittent 
flow of workpiece material, and this condi- 
tion is usually associated with a built-up 
edge (Fig. 9). Built-up edge occurs at low 
metal cutting speeds and is not a serious 
problem as long as the edge remains intact 
on the tool. When machining gray cast iron. 
built-up edges do not break away from the 
tool. However, when machining steel at low 
speeds, built-up edges break off easily. This 
may result in attrition wear if small frag- 
ments of tool material are carried away as 
the built-up edge breaks off. In some cases, 
large chunks of tool material may even be 
carried away. Built-up edge and attrition 
wear can be minimized by increasing the 
metal cutting speed, by selecting fine-grain 
WC-Co alloys, and/or by using positive- 
rake tools with smooth surface finishes. 
Flank or abrasive wear (Fig. 8a and c) is 
often observed on the flank face and is 
related to the hardness of the tool material 
or coating. Harder materials provide greater 
flank and abrasive wear resistance. 
Cemented carbide tools may be subjected 
to abrasive wear when abrasive particles 








Built-up edge on a cemented carbide tool. 
The built-up edge was produced during the 


Fig. 9 


low-speed machining of a nickel-base alloy. 20% 





| Thermal cracks in a cemented carbide 
Fig. 10 | the thermal cracks are perpendic- 
ular to the cutting edge, and the mechanical cracks оге 
parallel to the cutting edge. 15 х 





(such as sand on the surface of castings) or 
hard carbide or alumina inclusions are pres- 
ent in the workpiece materials. Tools with 
lower binder contents and/or finer carbide 
grain sizes can resist abrasive wear. 

Thermal Fatigue. Cemented carbide 
tools sometimes exhibit a series of cracks 
perpendicular to the tool edge when applied 
to interrupted cutting operations such as 
milling (Fig. 10). These thermal cracks are 
caused by the alternating expansion and 
contraction of the tool surface as it is heated 
during the cut and cooled outside the cut. 
The cracks initiate on the rake face, then 
spread across the edge and down the flank 
face of the tool. With prolonged intermittent 
cutting, lateral cracks appear parallel with, 
and close to, the cutting edge. The thermal 
and lateral cracks may join together and 
cause small fragments of tool material to 
break away. The resistance of WC-Co tools 
to thermal fatigue can generally be im- 
proved by TaC additions, 
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Table 5 Test methods for 
determining the properties of 
cemented carbides 








| Test method — | 
Property ASTM/ANSE CCPA(a) 180 
Abrasive wear resistance BA PIR 
Apparent grain size H390 M203 
Apparent porosity BIG М201 4505 
Coercive (оге... 3326 
Compressive strength E9 Pio 4506 
Density » ВЗН PIO 3369 
Fracture toughness . 

Hardness, HRA. B294 — PIS 3738 
Hardness, НУ 2 E92 с NUR 
Linear thermal expansion -... B 95 рик 
Magnetic permeability AMI PIO 
Microstructure... B657 М202 4499 
Poisson's ratio 2 БЇ PIOS 
Transverse rupture strength .. B406 — PIU2 3327 
Young's modulus. . ЕМ! РБ 112 


(a) Cemented Carbide Producers Association 





Depth-of-cut notching (Fig. 8a and d) 
consists of a high degree of localized wear 
on both the rake face and the flank face at 





the depth of the cut line. Notching is com- 
mon when machinii 
harden, such as austenitic stainless steels or 
high-temperature alloys. This type of wear 
is attributed to the chemical г 
tool material with the atmosphere or to 
abrasion by the hard, sawtooth outer edge 
of the chip. Depth-of-cut notching may lead 
to tool fracture; it can be minimized by: 








* Increasing the fracture toughness of the 
tool material 

* Increasing the lead angle (for round in- 
serts) or the side cutting angle (for other 
insert shapes) 

* Chamfering the tool edge 

* Varying the depth of cut if multiple pass- 
es are made 


Cemented Carbide 
Properties 


Evaluation of the physical and mechani- 
cal properties of tool materials is an impor- 
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tant prerequisite to the selection of grades 
for a given metal cutting application and for 
tool material development. A number of 
industry, national, and ISO standards have 
been developed for determining the selected 
properties of cemented carbides (Table 5). 

Hardness determines the resistance of a 
material to abrasion and wear. It is affected 
not only by composition but also by the 
level of porosity and microstructure. For 
straight WC-Co alloys of comparable WC 
grain size, hardness and abrasion resistance 
decre; with increasing cobalt content 
(Fig. 11а and b). However, because both 
composition and microstructure affect hard- 
ness, cobalt content and grain size must be 
considered. At a given cobalt level, hard- 
ness improves with decreasing WC grain 
size (Fig. Ia). 

In cemented carbides, hardness is mea- 
sured by the Rockwell A-scale diamond 
cone indentation test (HRA) or by the Vick- 
ers diamond pyramid indentation test (HV). 
Both tests are performed on a finely ground, 
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Variation in properties with cobalt content and grain size for straight WC-Co alloys. (a) Variotion in hardness. (b) Variation in abrasion resistance. (c) Variation 
in density. (d) Variation in compressive strength. (e) Variation in transverse rupture strength 


78 / Cutting Tool Materials 


Temperature, °F 


Temperature, *F 

















load, and all alloys are of medium WC grain size. A, 
97WC-3Co alloy, В, 94WC-6Co; C, 80WC- 
VA(Ti,Ta, NbJC-8Co; D, B6WC-2TaC-12Co 


lapped or polished planar surface placed at 
right angles to the indenter axis. The Roc 
well A test employs a load of 60 kg. while a 
range of loads can be used in the Vickers 
test. For cemented carbides used in machin- 
ing applications, hardness values range 
from 88 to 94 HRA and from 1100 to 2000 
HV. 

Although the Rockwell scale has been 
used for decades as a measure of hardness, 
a true indication of the resistance to plastic 
deformation in metal cutting operations can 
be obtained only by measuring hardness at 
elevated temperatures. Measurements. of 
hardness over a wide range of temperatures 
are therefore valuable for tool selection. 

Hardness testers with high-temperature 
capability (up to 1200 °С, or 2200 ^F) are 
commercially available and are being in- 
creasingly used by the cemented carbide 
industry. Figure 12 shows hot hardness data 
for a number of cemented carbides. The 
hardness of these materials decreases 
monotonically with increasing tempera- 
tures. 

Compressive Properties. One of the 
unique properties of cemented carbides is 
their high compressive strength. Uniaxial 
compression tests can be performed on 
straight cylindrical samples or on cylinders 
having reduced diameters in the middle to 
localize fracture. The compressive 
strengths of cemented carbides are greater 
than those of most other materials. Typical 
values of compressive strength range from 
3.5 to 7.0 GPa (0.5 to 1.0 psi х 10). 
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The ductility of cemented carbides is gen- 
erally low at room temperature, so there is 
little difference between their yield strength 
and fracture strength. At higher tempera- 
tures, however, these materials exhibit a 
small but finite amount of ductility. M. 
surement of yield strength is therefore more 
appropriate at elevated temperatures. High- 
temperature compressive yield strength is 
typically measured at 0.2% offset strain. 
Compression tests are performed in a high- 
temperature furnace (typically with resis- 
tance heating) under a vacuum or in an inert 
atmosphere. Figure 13 shows yield strength 
data for selected straight and alloyed WC- 
Co grades. Like hardness, the compressive 
yield strengths of cemented carbides de- 
crease monotonically with increasing tem- 
perature: the rate of decrease depends on 
the composition and the microstructure. As 
in metallic materials, fine-grain alloys tend 
to lose their yield strengths more rapidly 
with increasing temperature than coarse- 
grain grades, although at room temperature 
the former can exhibit high yield strengths. 

Transverse Rupture Strength. The most 
common method of determining the fracture 
strength of cemented carbides is the trans- 
verse rupture test. In this test, a rectangular 
test bar is placed across two sintered car- 
bide support cylinders. and a gradually in- 
creasing load is applied by a third carbide 
at the midpoint between the sup- 
nsverse rupture strength is deter- 
mined from the dimensions of the test bar, 
the distance between the supports, and the 
fracture load. A id vantage of this test is 
the large scatter in the experimental data 
resulting from surface defects introduced 
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into the test specimens during processing. 
Nevertheless, it is an excellent quality con- 
trol test, and it is particularly useful for 
large carbide components. 

Figure 11(e) shows the variation in trans- 
verse rupture strength with cobalt content. 
In metal cutting applications, no clear rela- 
tionship has been established between 
transverse rupture strength and turning per- 
formance. However, there appears to be a 
good correlation between transverse rup- 
ture strength and milling performance (Ref 
14). During milling, the tool is subjected to 
tensile stresses as it leaves the cut, and a 
material with high transverse rupture 
strength should be able to resist fracture 
under these conditions. 

Fracture toughness is less sensitive than 
transverse rupture strength to such extrin- 
sic factors as specimen size, geometry, and 
surface finish. Fracture toughness is mea- 
sured by the critical stress intensity factor 
Ку (Ref 15-17). This parameter indicates 
the resistance of a material to fracture in the 
presence of a sharp crack and thus provides 
a better measure of the intrinsic strength of 
the cemented carbide than transverse rup- 
ture strength. A variety of specimen geom- 
etries have been used in this test, including 
the single-edge notched beam, the double 
cantilever beam, the compact tension spec- 
imen, and the double torsion specimen. The 
carbide industry in the United States gener- 
ally uses commercial equipment for fracture 
toughness evaluation. The fracture tough- 
ness of cemented carbides increases with 
cobalt content and with WC grain 
14). On the other hand, cubic carbide addi- 
tions lessen the fracture toughness of WC- 
Co alloys. 

As with the other mechanical properties. 
attention is focused on the development of 
lest techniques to evaluate fracture tough- 
ness at elevated temperatures. Figure 15 
shows Kj, data for a number of cemented 
carbides from room temperature to about 
1000 °C (1800 °F). Depending on the com- 
position of the cemented carbide, the Kj. 
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alloys. A, 86WC-2TaC-12Co; B, 85WC-9(Ti, Ta, Nb)C- 
6Co; C, 80WC-2(Ti, To, Nb)C-8Co; D, 96WC-4Co 


parameter is insensitive to temperature up 
to about 600 °C (1100 ^F), but increases 
rapidly at higher temperatures. This behav- 
ior is reminiscent of the ductile-to-brittle 
transition observed in quenched-and-tem- 
pered steels. 
The density, or specific gravity. of ce- 
mented carbides is very sensitive to compo- 
sition and porosity in the sample and is 
widely used as a quality control test, Den- 
sity values of cemented carbides range from 
15 gem’ for low-cobalt straight WC-Co 
alloys to about 10 or 12 g/cm’ for highly 
alloyed carbide grades (Fig. Нс). 
Magnetic Properties. Tungsten carbide- 
cobalt alloys lend themselves to the analysis 
of magnetic properties because cobalt is 
ferromagnetic. The properties measured are 
magnetic saturation and coercive force. 
Both free cobalt and solid solutions of co- 
balt and tungsten contribute to magnetiza- 
tion. The magnetic saturation of pure cobalt 
is 201 x 107* T m‘/kg. With additions of 
tungsten to cobalt, the magnetic saturation 
decreases steadily from 201 х 10 ^to about 
151 x 10 ^ T m'/kg. In this range. the 
cemented carbide is characterized by two or 
three phases (WC and Co or WC, a solid- 
solution carbide, and Co). Values below 151 
х 107^ T тук indicate the presence of y 
phase. The solubility of tungsten in cobalt is 
inversely proportional to carbon content. 











Lower-carbon alloys have more tungsten 
dissolved in cobalt and are characterized by 
lower magnetization. Magnetic saturation 
thus provides an accurate measure of the 
changes in carbon content in the cemented 
carbide alloy and is widely used as a quality 
control test. 

The coercive force varies considerably 
with increasing sintering temperature and 
indicates the structural changes that take 
place during sintering. The coercive force of 
WC-Co alloys reaches a maximum at the 
optimum sintering temperature and de- 
creases at higher temperatures because of 
grain growth. Therefore, measurement of 
the coercive force permits control of the 
sintering process. The factors influencing 
the coercive force are complex. varied 
interactive. For a given cobalt and 
content, the coercive force provides a mea- 
sure of the degree of distribution of the 
arbide phase in the microstructure. Com- 
mercial units are available for the rapid 
measurement of magnetic saturation and 
coercive force in cemented carbides. 

Porosity. The properties of a cemented 

arbide are dependent on its density, which 

in turn is critically dependent on composi- 
tion and porosity. Porosity is evaluated on 
the as-polished material. The American So- 
ciety for Testing and Materials (ASTM) has 
established a standard procedure (B 276) 
that rates three types of porosity: 




















* Type A, covering pore diameters less 
than 10 pm 

ө Type B, covering pore diameters be- 
tween 10 and 25 pm 

© Type C (Fig. 4), covering porosity devel- 
oped by the presence of free carbon 





Type A porosity is rated at a magnification 
of 200x, while types B and C porosity are 
rated at 100x. The degree of porosity is 
given by four numbers ranging in value from 
02 to 08. The number provides a measure of 
pore volume as a percentage of total volume 
of the sample. 

Thermal Shock Resistance. As discussed 
earlier in this article, cutting tool materials are 
subjected to thermal shocks during interrupt- 
ed cutting operations such as milling. Resis- 
tance to thermal shock is therefore an im- 
portant property that determines tool perfor- 
mance in milling. No laboratory test has yet 
been developed that can consistently predict 





Table 6 Thermal shock resistance parameters for cemented carbides 

















Transverse Coefficient of Thermal shock 
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the resistance to thermal shock of a tool. 
However, empirical parameters have been 
suggested that can be used to evaluate tool 
materials for their probable resistance to ther- 
mal shock (Ref 18). A commonly used param- 
cter is ok/Ea, where a is the transverse rup- 
ture strength, k is the thermal conductivity, E. 
is Young's modulus, and о is the coefficient 
of thermal expansion. Table 6 lists repre- 
sentative values of this parameter for a num- 
ber of WC-Co alloys. In general, the higher 
the value of о/о, the better the thermal 
shock resistance. 

Abrasive Wear Resistance. Most pro- 
ducers of cemented carbides use a wet-sand 
abrasion test to measure abrasion resi 
tance. In this test, a sample is held against a 
rotating Wheel for a fixed number of revo- 
lutions while the sample and wheel are 
immersed in a water slurry containing alu- 
minum oxide particles. Comparative rank- 
ings are reported, usually on the basis of a 
wear rating based on the reciprocal of vol- 
ume loss. Although standard test proce- 
dures are available, carbide producers have 
not agreed on a single test method, and so 
the values of abrasion resistance cited in the 
literature vary widely. Because of this vari- 
ance. it is almost impossible to make valid 
comparisons among test results reported by 
different producers. It is also fallacious to 
use abrasion resistance as a measure of the 
wear resistance of cemented carbide mate- 
rials when they are used for cutting steel or 
other materials; abrasion resistance in a 
standard test does not correspond directly 
10 wear resistance in machining operations. 

Generally, the abrasion resistance of ce- 
mented carbides decreases as cobalt con- 
tent or grain size is increased (Fig. 11b). 
Abrasion resistance is also lower for com- 
plex carbides than for straight WC grades 
having the same cobalt content. 


























Coated Carbide Tools 


One of the challenges in the design of 
cemented carbide tools is the optimization 
of toughness associated with straight WC- 
Co alloys with the superior crater wear 
resistance of alloyed carbides containing 
high levels of titanium carbide. This chal- 
lenge has led to the development of coated 
carbide tools. 

Coated carbides account for a major por- 
tion of all commercial metal cutting inserts 
sold in the United States. The success of 
coated carbides is based on their proven 
ability to extend tool life on steels and cast 
ons by at least a factor of two to threc. This 
is accomplished by a reduction in wear pro- 
cesses, especially at higher cutting speeds. 











Laminated Coatings 

An important development in the produc- 
tion of coated carbide tools occurred in the 
1960s, when laminated tips consisting of a 
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i Decorburization of o TiC coating. Micro- 
Fig. 16 ор, shows the т phase at the coating! 
substrate interface of an 85WC-9(Ti, Ta, Nb)C-6Co alloy 
with an 8 ит (315 pin.) TiC coating, Etched with 
Murakami's reagent for 3 s. 1500% 


(e) 


base of WC-Co alloy with a sintered layer of 
high composition were produced. This 
development not only enabled higher cut- 
ting speeds in steel machining but also re- 
duced crater wear on the tool. Although 
metal cutting productivity increased with 
the use of these laminated tools, the thermal 
expansion mismatch between the substrate 
and the surface layer caused thermal stress- 
es during metal cutting, and the laminate 
tended to spall during use. 








Chemical Vapor 
Deposited Coatings 

Further development of laminated tools 
was superseded in 1969 by the application 
of a thin layer (—5 pm, or 200 pin.) of hard 
TiC coating to the cemented carbide tool by 
chemical vapor deposition (CVD) (Ref 19). 
[he impetus for this development came 
from the Swiss Watch Research Institute, 
where vapor-deposited TiC coatings had 











(9) 


Fig. |7 Miltleyer cootings of corbide substrates. (o) 73WC-15(Ti,Ta, Nb)C-BCo alloy with a TICTICN/TIN 
g. coating of about 10 m (400 ші.) іп total thickness. (b) BSWC-9(Ti, Ta, Nb}C-6Co with o TiC/ALO, 
coating about 9 um (350 pin.) thick. (c) 85WC-9(Ti, To, Nb)C-6Co with a TiC/ALO,TiN coating about 10 jm (400 
itin.) thick. (d) 8BWC-7(Ti Ta, Nb)C-SCo with TiC/TICN coating supporting multiple alternating coating layers of 
AL,O, and TiC. All etched with Murokami's reagent for 3 s. 1500% 


been used on steel watch parts and cases to 
combat wear on these components. 

The CVD coating process consists of 
heating the tools in a sealed reactor with 
gaseous hydrogen at atmospheric or lower 
pressure: volatile compounds are added to 
the hydrogen to supply the metallic. and 
nonmetallic constituents of the coating. For 
cxample. TiC coatings are produced by 
reacting ТІСІ, vapors with methane (CH,) 
and hydrogen (H.) at 900 to 1 100 ^C (1650 to 
2000 °F). The reaction is: 





TiClg) + CHag) + Hye) = 
ТІСІ) + 4HCKg) + Hae) 


During the TiC deposition process, a second- 
ary reaction often occurs in which carbon is. 
taken from the cemented carbide substrate: 


TiClig) + Cis) + 208) = TiCts) + 4HCKe) 


The resulting surface decarburization leads 
to the formation of a brittle yj phase at the 
coating/substrate interface (Fig. 16) and 
sometimes to premature tool failure due to 
excessive chipping and insufficient edge 
strength (Ref 20, 21). These problems are 
particularly prevalent in severe machining 
operations involving interrupted cuts. 

Performance inconsistencies have been 
largely eliminated by a number of metallur- 
BCs UUs THEI innatis. These in 
clude improvements in CVD coating tech- 
nology. which have resulted in coatings 
with greater uniformity of thickness, more 
adherence, and more consistent morpholo- 
gy and microstructure with minimum inter- 
facial ту phase and associated porosity (Ref 
22). 

Coating compositions have also evolved 
from single-layer TiC coatings with narrow 
application ranges to multilayer hard coat- 
ings. Multilayer coatings have a nominal 
total thickness of about 10 pm (400 pin.) 
and use various combinations of TiC, 
TiCN, TiN, Al,O;. and occasionally HIN 
(Fig. 17) 

Multilayer coatings are intended to sup- 
press both crater wear and flank wear There 
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is also a trend toward the use of multiple 
alternating coating layers (Fig. 17d), which 
are believed to produce finer grain sizes and 
to minimize chipping. These improvements 
increase tool life and extend the range of 
application of the coated tool (Ref 23). 

Hardness and Tool Life. Figure 18 shows 
the room-temperature Vickers microhard- 
ness of various hard coatings deposited on 
cemented carbide substrates. The range of 
hardness for WC-Co alloys is shown for 
reference. The compounds TiC and ТІВ, 
have the highest relative hardness of about 
3000 kg/mm? and offer the best protection 
against abrasive wear. With increases in 
temperature, however, TiC loses hardness 
rapidly, while Al,O, retains its hardness to 
higher temperatures. 

At 1000 ^C (1800 °F), which is the temper- 
ature typically reached on the rake face of 
the tool during high-speed machining (Ref 
13), Al,O, has the highest hardness, fol- 
lowed by TiN and then TiC (Fig. 19). For 
comparison, the hardness of WC-Co sub- 
strates is also shown in Fig. 19. The hot 
hardness data indicate that the TiC coating 
would be more effective at the flank face. 
which rarely exceeds 600 °C (1100 °F) dur- 








Table7 Relative dissolution rates 
of coating materials into iron 
Rates are relative to TIC. 
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Я Tool life diagrams of coated inserts. Tool 
Fig. 20 ife is based on a 0.25 mm (0.01 i. fonk 
wear criterion. (a) Turning 1045 steel with a 2.5 mm (0.1 
in.) depth of cut and a 0.40 mmirey (0.016 in./rev) feed 
rate. (b) Turning SAE G4000 gray cost iron with a 2.5 
mm (0.1 in.) depth of cut and a 0.25 mm/rev (0.01 in./ 
rev) feed rate. Source: Ref 25 











ing machining. At lower speeds, TiC also 
offers adequate rake face protection from 
abrasive wear. On the other hand, А.О; 
would provide better abrasion resistance at 
higher speeds, as judged from its high hard- 
ness at elevated temperatures. 

These concepts are illustrated in tool life 
plots (Fig. 20) based on flank wear criterion 
for TiC, TiN, and Al,O, coated cemented 
carbide inserts in turning 1045 steel and 
gray cast iron workpiece materials. At low- 
er speeds, the TiC coating provides the 
longest tool life, followed by TiN and 
Al,O,. At higher speeds, the ranking is 
altered. These rankings reflect the varying 
temperature dependence of their micro- 
hardness shown in Fig. 19. 

Hard coatings also reduce frictional forc- 
es at the chip/tool interface, which in turn 
reduces the heat generated in the tool and 
thus results in lower tool tip temperatures. 
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i Variation in the standard free energy of 
Fig. 21 imation of WC, TIN, Tic, end АО, 
with temperature. This parameter gives on indication of 
the extent to which these materials will undergo diffusion 
weer. 


The compound TiN is particularly noted for 
this lubricity effect (Ref 26). 

Diffusion Wear. The standard free ener- 
gy of formation is given in Fig. 21 for WC, 
TiN, ТЇС, and Al;O, from room tempe 
ture to about 2000 °С (3600 °F). This ther- 
modynamic property gives an indication of 
the extent to which these materials will 
undergo diffusion wear. The most stable of 
these materials at all temperatures is Al4O;. 

The dissolution rate of coating materials 
into the workpiece can also determine the 
rate of diffusive wear on the tool (Ref 24). 
The relative dissolution rates of various: 
couting materials into 
peratures are given in 
tion rate of AlO; in steel is an order of 
magnitude lower than the dissolution rates 
of other refractory compounds. Therefore, 
AlO; is the most crater-resistant material 
and is a very effective coating for cemented 
carbide tools used in the high-speed ma- 
chining of steel. 

Thermal Expansion and Coating Adhe- 
sion, The high temperatures employed for 
CVD coating gencrally ensure good bonding 
between the substrate and the coating. 
However, coating adhesion can be adversi 
ly affected by stresses caused by the th 
mal expansion mismatch between the sub- 
strate and the coating. Table 8 lists the 
thermal properties of various coating mate- 














Table 8 Tool material thermal properties 
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(а) 
Fig. 22 


impacts. 10 


rials as well as WC-Co substrates. The 
thermal expansion mismatch is lowest for 
TiC and highest for TIN, while the thermal 
expansion coefficients of the coating mate- 
rials listed are higher than those of the 
substrates. As a result, hard coatings on 
cemented carbide substrates are in residual 
tension at room temperature. Because the 
stresses are most severe at tool corners, the 
CVD-coated tools must be honed before 
coating. Another reason for honing is to 
minimize the formation of y phase. which 
tends to develop to a greater extent at sharp. 
tool edges. 

Cobalt Enrichment. Although the early 
coated tools substantially improved metal 
cutting productivity, they were prone to 
catastrophic fracture when applied at high 
feed rates or in intermittent cutting opera- 
tions. One solution to the problem of coat- 
ing-related tool fracture is to improve the 
fracture toughness of the substrate by in- 
creasing its cobalt content and/or by in- 
creasing the binder mean free path (mean 
thickness of the binder between WC 
grains). Unfortunately, this approach re- 
sults in decreased deformation resistance, 
which can use tool tip blunting. 

A major breakthrough in resolving this 
conflict between fracture toughness and de- 
formation resista occurred in the late 
1970s, when a Ti ICN/TiN-coated tool 
was developed with a peripheral cobalt- 
enriched zone (10 to 40 pm, or 400 to 1600 
pin.. thick), which provided superior edge 
strength while maintaining the edge and 
crater wear resistance of the coating layers 
(Ref 27). The cobalt-enriched zone con- 
tained essentially a straight WC-Co compo- 
sition with nearly three times the nominal 
cobalt level. while the bulk of the tool 
insert, containing higher levels of solid- 
solution cubic carbide and less cobalt, pro- 
vided the necessary deformation resistance 






























Scanning electron mocrographs of cobalt-enriched and 
speed, 107 m/min (350 sfm); feed, 0.50 mm/rev (0.02 in. 
(b) Nonenriched tool after 220 impacts. 11 х 


‘Thus. a single tool combined the fracture 
resistance of a high-cobalt alloy with the 
deformation resistance of a lower-cobalt 
alloy. 

The ability of the cobalt-enriched tool to 
resist edge chipping and trophic frac- 
ture is illustrated in Fig. which com- 
pares а cobalt-enriched insert with a nonen- 
riched tool after an edge strength test. Tool 
failures such as that shown in Fig. 22(b) can 
ruin the workpiece and result in excessive 
production downtime. Such tool failures 
can be particularly damaging in flexible 
machining systems and in untended machin- 
ing centers. 














nonenriched tools after a slotted-bar strength test. Machining parameters: depth of cut, 2.5 mm (0.1 in. 
Irev). The workpiece was AISI 41150 steel; average hardness: 26 HRC. (a) Cobalt-enriched tool after 1200 


The development of the cobalt-enriched 
tool permitted the use of heavy interrupted 
cuts, such as those encountered in scaled 
forgings and castings. However, optimum 
performance was obtained only at lower 
speeds. Further refinements to the cobalt 
enrichment concept have expanded the ap- 
plication range of this type of tool to higher 
speeds (Ref 28). Cutting speeds for cobalt- 
enriched tools range from 60 to 300 m/min 
(200 to 1000 sfm), with feeds ranging from 
0.1 to 1 mm/rev (0.005 to 0.050 in./rev). 
These capabilities are suitable for most met- 
al removal applications. Two typical cobalt- 
enriched microstructures that can cover 





Fig. 23 отте of a cobalt-enriched coated tool. B6WC-8(Ti, Ta, NbIC-6Co tool with a TIC/TICNITIM 
g. coating. (a) Cobolt-enriched periphery (beneath the coating). (b) Bulk microstructure. Both etched with 
Murakami's reagent for 2 min. 1500% 


Fig. 24 


Both etched with Murakami's reagent for 2 min. 1500x 


such a range of machining speeds and feeds 
are illustrated in Fig. 23 and 24. 


Physical Vapor 
Deposited Coatings 

Physical vapor deposition (PVD) has re- 
cently emerged as a commercially viable 
process for applying hard TiN coatings onto 
high-speed steel tools (Ref 29). Physical 
vapor deposition typically employs lower 
temperatures (—500 °C, or 900 ^F) than 
chemical vapor deposition. Therefore, the 
PVD process is attractive for use with ce- 
mented carbide tools because the lower 
deposition temperature prevents v phase 
formation and provides for refinement of 
the grain size of the coating layer. 

It has been shown by standard three- 
point bend tests that CVD coatings reduce 
the transverse rupture strength of cemented 
carbide tools by as much as 30% because of 
the presence of interfacial yj phase and/or 
tensile residual stress within the c 
(Fig. 25). On the other hand. PVD coatings 
do not produce xj phase. In addition, PVD 
coatings may induce a compressive residual 
stress, depending on the deposition tech- 
nique. Therefore. PVD coatings do not de- 
grade the transverse rupture strength of the 
carbide tools (Ref 30, 31). 

Another advantage of the PVD process is 
its ability to coat uniformly over sharp 
cutting edges (Fig. 26). A sharp edge is 
desirable in a cutting tool because it leads to 
lower cutting forces, reduced tool tip tem- 
peratures, and finer finishes. In many cases. 
CVD coatings cannot be applied over sharp. 
cutting edges without heavy т phase forma- 
tion and/or coating buildup, both of which 
can lead to rapid edge failures. The PVD 

















Microstructure of a second-generation cobalt-enriched coated tool. 8SWC-9(Ti, To, Nb)C-6Co tool with 
a TiC/AL,O.TiN coating. (a) Cobolt-enriched periphery (beneath the coating). (b) Bulk microstructure. 


coating offers the benefit of the abrasive 
wear resistance of a hard coating layer 
without the degradation of edge strength. 

The above advantages of PVD coatings 
are especially beneficial in operations such 
as milling. As noted previously, milling op- 
erations produce severe thermal and 
mechanical cracks in cutting tools, and 
these cracks can lead to edge chipping. The 
CVD coatings often aggravate this situation 
through stress raisers such as thermally 
induced ks within the coating as well as 
interfacial т phase. These problems can be 
minimized by honing the cutting edge, by 
reducing the coating thickness, and by con- 
trolling » phase formation. but they can be 
eliminated by the use of PVD coatings. Asa 
result. PVD-coated milling tools have re- 
cently become a commercial reality (Ref. 
32) 

It should be noted that PVD coatings will 
not replace CVD coatings to any great ex- 
tent in the near future. Currently, PVD has 
certain limitations. For example, АО 
coating is not feasible. and multilayer coat- 
ings have not yet been commercially devel- 
oped. Additionally, methods have not yet 
been developed for coating complex tool 
geometries 


























Tools and Toolholding 


Early carbide metal cutting tools consis- 
ted of carbide blanks brazed to steel holders 
or milling cutters. Tools that became dull 
were resharpened by grinding. Clearance 
angles, cutting point radii, and other fea- 
tures could also be ground into the tools to 
suit particular cutting situations. Special 
chip-breaker grooves designed to curi and 
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А Comparison of the transverse rupture 
Fig. 25 рй of uncoated and coated carbide 
fools. Measured by o three-point bend test on 5 X 5 х 
19 mm (0.2 х 0.2 х 0.75 in.) specimens of 73WC- 
19(Ti, To, Nb)C-8Co. 





А An example of PVD TiN coating on а 
Fig. 26 ушр cemented carbide tool. Etched with 
Murokomi's reagent for 3 s. 11407 





Fig. 27 indexable insert secured by pin 
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Pin-and-clamp method of securing on in- 
dexable insert to о steel toolholder 


Fig. 28 


break the chips generated in metal cutting 
were also ground into the early tools. 
Although these early carbide metal cut- 
ting tools provided significant increases in 
metal cutting productivity, certain disad- 
vantages have become apparent. Regrind- 
ing changes the size of the tool; therefore, 
the cutting tool/workpiece relationship must 
be readjusted each time the tool is resharp- 
ened. Maintaining consistent geometry is 
difficult with reground tools, and part qual- 
ity can suffer. Further, because the braze 
joint can withstand only a limited range of 
temperature, the selection of usable carbide 
compositions is restricted, and CVD coat- 
ing technologies cannot be applied. Never- 
theless, brazed tools are still used in appli- 
cations such as circular saws and small- 
diameter drills where mechanical clamping 
is impractical, 
Indexable Carbide Inserts. The now- 
familiar prismatically shaped indexable in- 
serts were introduced in the 1950s. These 
so-called throwaway inserts resembled 
brazed tools except that the carbide was 
secured in the holder pocket by a clamp 
rather than a braze. When a cutting edge 
wore, a fresh edge was simply rotated or 
indexed into place. Several other holding 
methods were subsequently developed. 
The most popular holding method em- 
ploys a pin that passes through a hole in the 
insert and forces it into the holder pocket 
(Fig. 27). Clamps are still widely used. often 
in conjunction with a holding pin (Fig. 28). 
Another common holding style employs a 
screw with a tapered head that fits a conical 
hole in the insert and thus holds the insert 
securely (Fig. 29). 
Consistency and ease of replacement are 
the main advantages of indexable insert 
tooling. Consistent positioning of the cut- 

















Screw-on method of securing on indexable 
insert to a toolholder 


Fig. 29 


ting edge from index to index simplifies 
machine tool setup and helps ensure uni- 
form product quality. The use of indexable 
inserts also eliminates labor costs for re- 
grinding and permits CVD-coated tools and 
a wide variety of carbide compositions to be 
utilized. 

Indexable carbide inserts are available in 
both positive and negative geometries (Fig. 
30). Negative-rake inserts have excellent re- 
sistance to breakage and are well suited to 
difficult operations involving interrupted 
cuts. Negative-rake inserts can also be used 
on both sides, effectively doubling the num- 
ber of cutting edges available per insert. Al- 
though positive-rake inserts can be used on 
only one side, they cut with lower force, 
reduce the possibility of distorting the work- 
piece, and help produce better surface finish- 

















Chip-breoker grooves on one side of a 
triangle insert 


Fig. 31 

















(Ы) 

n Positive- and negative-rake geometries. 
Fig. 30 (jte positive-rake insert. (b) Trio 
gle negotive-rake insert 





es. Both negative- and positive-rake inserts 
are available in a range of tolerances. 

Chip-breaker grooves (Fig. 31) can also 
be molded into the surfaces of indexable 
carbide inserts. In addition to providing 
chip control, these grooves allow lower 
cutting forces. On negative-rake inserts, 
they can be used on both sides for greater 
economy. Single-sided negativc-rake in- 
serts (Fig. 31) can provide the force-reduc- 
ing capabilities of positive-rake geometries 
with the strength and chip control proper- 
ties of a conventional negative-rake design. 
Specialized chip control geometries have 
been developed for particular workpiece 
materials or types of operations; geometries 
have also been developed to complement 
particular carbide grades. 

Edge preparation refers to the practice 
of modifying the cutting edge itself after the 
correct overall geometry has been produced 
on the tool. Edge preparations are applied 
for two reasons: to prevent the chipping and 
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Fig. 33 metal cutting drills with indexable carbide inserts 


premature failure of a too sharp and there- 
fore weak cutting edge, or to provide a 
slightly rounded (honed) edge that will op- 
timize the effect of CVD coating. The edge 
preparations most commonly used are 
hones or chamfers (Fig. 32). 

The edge preparation of brazed tools is 
most often applied by hand with a stone. 
Because the radius desired is very small 
(commonly 0.025 to 0.075 mm, or 0.001 to 
0.003 іп.). it is very difficult to achieve 
consistent performance. Too little hone 
lead to microchipping and subsequent rapid 
edge wear; too much hone is very much like 
a preworn edge and also results in shorter 
tool life. Indexable carbide inserts, espe- 
cially coated inserts, are usually equipped 
with a machine-applied hone of the size the 
manufacturer considers proper for the in- 
sert size, style, gradi id application. In 
general, only enough hone to prevent chip- 
ping should be used. 











Cemented carbide tools intended for use in 
heavy-duty machining applications are often 
chamfered to provide maximum resistance to. 
edge chipping. Although this may result in the 
loss of some tool life, the trade-off is reason- 
able if the mode of failure with honed inserts 
has been breakage rather than wear. Inserts 
intended for the machining of nonferrous and 
some aerospace alloys are generally supplied 
with sharp cdges to reduce cutting forces and 
thus improve tool life. 

Drills and end mills are available in both 
solid cemented carbide and indexable insert 
versions. The increased production benefits 
realized from carbide tools can be as high as 
6 to | compared to high-speed steel prod- 
ucts. Solid carbide tools are available in the 
smallest sizes. ranging from circuit board 
drills of 0.13 mm (0,005 in.) in diameter to 
end mills with diameters up to 38 mm (1.5 
in.). Drills and end mills with indexable 
inserts are generally available in sizes rang- 
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ing from 16 mm (% in.) in diameter up to 
about 75 mm (3 in.) (Fig. 33 and 34). Solid 
carbide tools have the advantages of greater 
rigidity. more cutting edges, and greater 
precision than comparable tools with index- 
able inserts. Indexable inserts offer the ad- 
vantage of repeatability, require no resharp- 
ening, and permit the use of a wider variety 
of grades. 

Threading. A number of methods are 
available for producing thread forms, These 
can be divided into two major categories: 
forming the thread, and machining (or cut- 
ting) the thread. A common thread forming 
process is thread rolling, which utilizes two 
diametrically opposed dies to cold form a 
thread into a workpiece. A frequent (and 
sometimes desirable) by-product of this 
process in certain materials is work harden- 
ing at the root of the thread. 

Threads are typically machined by one of 
two methods; tapping, or single-point ma- 
chining utilizing an indexable insert/tool- 
holder system. Tapping is used where the 
diameter of the hole is too small for an 
indexable carbide/toolholder system and/or 
the machining speed is too slow for carbide 
The three popular insert/toolholder systems 
used for threading are the laydown triangle. 
the stand-up (on edge) triangle. and several 
versions of a proprietary stand-up 55° par- 
allelogram design (Fig. 35). 

An undesirable by-product of thread ma- 
chining is the V-shaped chip removed from 
the workpiece, Indexable inserts with pro- 
prietary chip control geometries molded 
into the top rake surface of the cutting edge 
are becoming available, and they control 
and break the chips with varying levels of 
success. In the more common thread forms. 
multitooth thread-chasing inserts are avail- 
able as a means of reducing the number of 
passes required to complete a thread. thus 
improving productivity (Fig. 36). An in- 
creasingly popular option available for 
many thread forms is the cresting insert, 
which hines the full thread form. Non- 
cresting inserts machine the root and flanks 
but not the crest of the thread. 

Thread milling, a thread machining meth- 
od that is useful when turning is not possi- 
ble. is performed on multiaxis computer 
numerical control machines capable of he- 
lical interpolation (Fig. 37). A disadvantage 
of thread milling is that the thread form it 
produces is slightly imperfect because of 
the inability of the cutting tool to clear the 
helical angle of the thread form as it exits 
the part. However, the threads are suffi- 
ciently accurate for all but the most de- 
manding applications 

Grooving. There are three different 
grooving insert styles in common use: 




















* 90° V-bottom (Fig. 38) 

ө Proprietary stand-up 55^ parallelogram 
(Fig. 35) 

© Stand-up (on-edge) triangle 
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Fig. ЗА End mills with indexable carbide inserts 


The V-bottom system is the most suitable 
for deep grooving because the cutting edge 
of the insert is wider than the body and is 
directly supported by the toolholder. The 
compact design and proprietary clamping 
method of the 55° parallelogram system 
maximize rigidity in shallow grooving. The 
on-edge triangle system offers three cutting 
edges on each insert. as opposed to two in 
the other common grooving systems. Chip 
control is a major concern in groaving, and 
products are becoming available that con- 
trol and/or break chips with varying levels 
of success. 

Cutoff. The carly carbide cutoff tools 
consisted of carbide inserts brazed onto 
steel shanks. As in the case of carbide 
turning inserts, efforts to eliminate tool re- 
sharpening costs and to improve perfor- 
mance led to the development of mechani- 
cally held replaceable cutoff inserts. These 
inserts are available in a variety of styles. 
but most have a vee shape in the top or 
bottom surface, which is gripped by the 








steel holder for rigidity. Most cutoff inserts 
have a single cutting edge and are held 
either by clamping or by wedging directly 
into the holder. Chip control is available in 
either molded or ground geometries (Fig. 
39). 


Machining Applications 


Uncoated Straight WC-Co Grades. Dc- 
spite the advent of coated cemented i 
tools in the late 1970s, uncoated straight 
WC-Co grades still find а place in many 
machining operations. Unalloyed gray cast 
iron is probably the most common work- 
piece material machined with WC-Co 
grades, but other materials such as high- 
temperature alloys. austenitic stainless 
steels, nonferrous alloys. and nonmetals are 
often machined with CI and/or C2 grades. 
‘The recommended speed and feed ranges 
for these materials are listed in Table 9. 
The higher-cobalt СІ grades are also often 
used оп difficult-to-machine workpieces, 














35 Preprietory 55° parallelogram carbide in 


g. sert 





Fig. 36 A muhitooth thread-chasing insert 


such as chilled cast iron and heat-treated 
steels, where cutting tool strength and shock 
resistance are important. High-temperature 
alloys and austenitic stainless steels are 
machined with C2 grades, typically in posi- 
tive-rake. sharp-edge geometries at lower sur- 
face speeds. 

Uncoated alloyed carbide grades (C5 to 
C8 carbide classifications) are primarily 
used in machining stecls in the speed and 
feed ranges listed in Table 10. Uncoated 
alloyed carbides are well suited to a number 
of machining applications. They are widely 
used when machines do not have sufficient 
horsepower to utilize the high metal remov- 
al capabilities of advanced coated tools. 
Uncoated carbides also find application in 
brazed form tools, which are typically made 
with highly specialized geometries mirror- 
ing the part being machined. 

Uncoated alloyed carbides are also em- 
ployed in the machining of special part 
configurations with thin wall sections and 
tight tolerances. These parts cannot be sub- 
jected to high forces during machining. The 
CVD-coated tools, which are honed prior to 
coating, are not effective in these applic: 
tions, for which high positive, sharp-edged, 














Fig. 37 thread milling with indexable inserts 











uncoated alloyed carbides are a better 
choice. The recently developed PVD- 
coated inserts with sharp edges may prove 
effective in such applications 

Coated carbide grades provide more 
abrasion resistance to the tool and permit 
the use of higher machining speeds and 


. 38 90° у-Ьонот (dogbone) grooving inserts and toolholders 


feeds. This is illustrated in the tool life 
diagram shown in Fig. 40, which compares 
the performance of a C5 grade with and 
without TiC-TiCN-TiN coating in turning 
SAE 1045 steel. 

More than 50% of the metal cutting inserts 


currently sold in the United States are CVD 





Cemented Carbides / 87 





coated. These coatings are used in a wide 
range of machining applications. including 
turning. milling, threading, and grooving. 
Physical vapor deposited coatings can be ap- 
plied to sharp insert edges without the dele- 
terious effect of » phase formation. The 
sharp, tough PVD inserts are particularly well 
suited to milling applications; they have also 
been found to perform well in threading and 
grooving operations оп difficult-to-machine 
materials such as high-temperature alloys and 
austenitic stainless stecls. 

Submicron Grades for Aerospace Mate- 
rials. Although new cutting tool materials 
such as Sialons and whisker-reinforced ce- 
ramics have provided great increases in 
machining productivity on nickel-base al- 
loys, similar improvements have not oc- 
curred in the machining of titanium alloys 
However, submicron (fine-grain) carbide 
grades have shown the capacity to enhance 
productivity in both titanium alloys and the 
niekel-hase materials. In general, the 
strength or toughness of a carbide grade is 
inversely proportional to its abrasion resis- 
tance, The microstructures associated with 
submicron carbide materials provide both 
strength and abrasion resistance. In titani- 
um turning operations where speed and feed 
parameters are held constant, tool life im- 
provements of 200% have been recorded 
after a change to submicron carbide cutting 
tool materials. 
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T Roughing) — — —— —4 = Finishing) — ——1 
Hardaem. Boci — [— 5994 ——) [ Feed — —] Speed — р a 
Material ив grade mimin sim maures л stm ттеу 1] 
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à) Depth of cur greater than 2.5 mm (0100 im.) (bI Depth of cut tess than 2.5 mm (6,100 п.) 
Table 10 Recommended speed and feed ranges for uncoated alloyed carbide grades 
Roughing) Finishing) 
ss eer ee | Feed 1 T r——— t9 - | 
Material ив grade m/min stm mme inre тїшїп sim mmirev 
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CERMETS are a group of powder metal- 
lurgy products consisting of ceramic parti 
cles bonded with a metal. The ceramic 
component of cermets provides high hot 
hardness and oxidation resistance, while 
the metallic component enhances ductility 
and thermal shock resistance. The bonding 
of ceramic components with metals, a com- 
plex process, depends largely on the solu- 
bility, wetting properties, and phase rela- 
tions of the selected materials. 





Composition and 
Microstructure 


Ceramics are defined as any class of 
inorganic or nonmetallic products that arc 
subjected to high temperature during man- 
ufacture or use (Ref 1). Typically, but not 
exclusively. a ceramic is a metallic oxide, 
boride, or carbide, or a mixture or com- 
pound of such materials. By this definition 
of ceramics, the following materials theoret- 
ically fall into the group of cermets: 


€ WC + Co (Tungsten carbide + cobalt) 

ө WC/TiC/TaC + Co (Tungsten carbide/tita- 
nium carbide/tantalum carbide + cobalt) 

• TiC + Ni (Titanium carbide + nickel) 

ө Ti(C.N) + Ni/Mo (Titanium carbonitride 
+ nickel/molybdenum) 





However, the cutting tool industry consid- 
ers only the titanium carbide and titanium 
carbonitride base materials to be cermets, 
while the tungsten carbide based materials 
are named cemented carbides. Therefore, 
this article will concentrate on cermets 





Titanium carbide 

^ or titanium 
carbonitnde соге 
(e,-phase) 





— Molybdenum 
carbide enriched 
rim (a; phase) 


Fig. 1 schematic of септе! microstructure 
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Fig. 2 flank wear of titanium coride сыты sintered at different temperatures. Machining parameters: feed, 


0.28 mm/rev (0.011 in./rev); depth of cut, 2.5 
1045 stee! (163 to 174 HB) 
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Fig. 3 Preferred compositions of titanium carboni- 
Ч. 5 „де cermets. M, molybdenum and/or tung- 
sten; z, number of moles carbon and nitrogen divided by 
the number of moles titanium and M; z is variable 
between the limits 0.80 and 1.07. Source: Ref 6 


mm (0.100 in.); speed, 106 m/min (350 sm). Workpiece: 


380. 
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Fig. 4 Сотротот of flank wear for two cermets 


апд o cemented carbide when turning 4340 
steel. Source: Ref 6 
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Table 1 Comparison of high-temperature properties of a TiC cermet and 
а complex carbonitride cermet 
Transverse 
rupture. 
Vickers hardness strength at Thermal. 
m 1000 °C эю ч Owidstion resistance at conductivity at 
12000 °F). 01650 сє) 1000 "(C (2000 °F) 1000 "C (2000 *F), 
Composition af cermet Калат? MPa ksi weight gain, mgicm! -h WAK* m 
TiC-16.5Ni-9Mo .. . 500 1050 152 11.8 24.7 
TiC-20TiN- ISWC-I0TaC-5. SNi HE Co-9Mo 650 1360 197 1.66. 








Table2 Typical properties of titanium carbonitride cermets 
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Transverse rupture strength, ksi 
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Fig. 7 wear mechanisms of cutting tools 
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based on titanium carbide and titanium car- ly with the addition of molybdenum (Mo) or ( ) 
bonitride. molybdenum carbide (Mo,C) to the nickel 
Titanium Carbide Cermets. ‘I'he first binder phase (Ref 3). The microstructure of tion. Considerable improvement was 
attempts to apply titanium carbide in such a composition is shown schematically in achieved when the carbonitride phase had a 
ро: 








tered, tungsten-free cutting tool materials 
were made in Germany in 1929, when tita- 
nium carbide/moly bdenum carbide solid so- 
lutions with 15% nickel as binder were 
manufactured and applied for finish turning 
of steel (Ref 2). Acceptance was limited 
because of the low strength and high brit- 
(leness of this material. However, the inter- 
est in titanium carbide continued, mainly 
due to the lower cost and availability of its 
raw material, titanium oxide (TiO). Also. 
the higher hardness, melting point, and ox- 
idation resistance of titanium carbide (TiC) 
compared to that of tungsten carbide (WC) 
promised greater potential. 

The poor wettability of titanium carbide 
(TiC) with nickel (Ni) was improved drastical- 











Fig. 1. The core of the carbide phase consists 
of titanium carbide (a,-phase), while the rim 
is enriched with molybdenum carbide (a. 
phase) (Ref 4 and 5). The molybdenum from 
the binder phase diffuses into the carbide 
phase and improves wettability by means of 
the metal binder. The abrasion resistance of 
such a composition varies with the sintering 
temperature (Fig. 2). 

Cermets Based on Metal Carbonitrides. 
The development of cermets continued with 
the introduction of metal carbonitrides. 
Titanium-molybdenum-carbon-nitrogen and 
titanium - tungsten - carbon - nitrogen com- 
pounds metal binders, preferably con- 
sisting of nickel, molybdenum, cobalt, or a 
combination thereof, gained specific atten- 

















composition within the parameters de- 
seribed in Fig. 3. 

The microstructure of such a material is 
shown in Fig. 1. It is possible to observe a 
core/rim microstructure of the carbonitride 
phase. with the a,-phase of the core con- 
sisting of titanium carbonitride and the ay- 
phase of the rim being enriched with molyb- 
denum carbide and/or tungsten carbide (Ref 
4). 

The nitrogen additions to the hard phase 
resulted in higher wear resistance (Fig. 4) 
and reduced plastic deformation of the cut- 
ting edge (Fig. 5). Additions of cobalt to the 
binder phase and of tantalum and/or nio- 
bium to the hard phase of complex metal 
carbonitrides also can improve the cutting 
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Fig. 9 Sem! tool life with varying molybdenum 
9. 9 content. Machining parameters: feed, 0.28 


mm/rev (0.011 in./rev); depth of cut, 2.5 mm. (0.100 in.); 
speed, 180 m/min (600 sfm); coolant workpiece: 1045 
steel (163 to 174 HB). Tool: 8OTiC-20Ni, Mo. Source: 
Ref 3 
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Fig. 11 Copperien of surface finishes of ermet 
9. and cemented tungsten carbide tools. Ma- 
chining parameters: cutting speed, 250 m/min (825 sfm); 
feed rate, 0.30 mm/rev (0.012 in. rev); depth of cut, 3.0 
mm (0.12 in.); dry, no coolant, Workpiece: 1045 steel 








performance of cermets. The high-tempera- 
ture properties of a complex metal carbon- 
itride is compared with a titanium carbide 
cermet in Table 1. 


roperties and 
Grade Selection 


The manufacturers of cutting tool materi- 
als treat the compositions and properties of 
their grades as proprietary. The commer- 
cially available grades fall into two catego- 
ries: the titanium carbide base cermets and 
the titanium carbonitride base cermets. The 
titanium carbide base cermet grades are in 
the process of being replaced by the titani- 
um carbonitride base cermet grades be- 
cause of their higher wear resistance (Fig. 
4), hardness, and transverse rupture 
strength (Fig. 6). Typical properties of tita- 
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Fig. 10 Comparison of wear of септе! with molybdenum in three different states: Mo;C in solid solution with 
9. Ема Си the binder phase, and Mo in the binder phase. Machining parameters: feed, 0.28 тту 


rev (0.011 in./rev); depth of cut, 1.5 mm (0.060 in.); speed, 365 m/min (1200 sfm): coolant, Worl 
(192 to 201 HB). Source: Ref 3 
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Fig. 12 Сотто of theoretical surface finish wih octal sorlace produced with cermet tool. Theoretical 
9. жарк = FIBR, where f — feed rate ond R = tool nose radius. Machining parameters: cutting speed, 
200 m/min (650 sfm); depth of cut, 2.0 mm (0.080 in.). Workpiece: 4135 steel 


Table 3 Machining applications of cermet cutting tools 


Tool composition ‘Operation 


Molybdenum carbide 
toughened селте! 





Workpiece material 





Carbon steels, alloy steels. cast irons: free- 
machining and nonferrous materials, such 
ау aluminum, copper. brass. and bronze, 
with hardnesses up to about 38 HRC 

Carbon steels. alloy steels, tool steels. 
stainless steely, and cast irons 
free-machining nonferrous materials, such 
as aluminum, copper, brass, and bronze, 
with hardnesses up to about 38 HRC 





Rough and semifinish turning; 
milling, grooving. and 
threading 


Finish turning and milling 


Tantalum/niobium carbide 
toughened cermets. ..... Carbon steels, alloy steels, cast irons. 
stainless steels, and tool steels, with 


hardnesses up to about 38 HRC 


. Rough and semifinish turning; 
milling, grooving, and 
threading 








Table 4 Machining parameters with cermet tools in the turning of various steels 
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Maximum 
ARS. Гү iie eiii. mrt ie — ——] E 
Roughing 73 (240) 245 (800) 293 (960) 0.23 (0.009) 0.41 (0.016) 0.46 (0.018) 76 0.300 
Sonar 150 (500) 300 (1000) 365 (1200) 0.20 (0.008) 0.38 (0.013) 0.41 (0.016) 38 0.150 
Roughing 50 (160) 195 (640) 245 (800) 0.15 (0.006) 0.36 (0.014) 0.41 (0.016) 51 0.200 
spe 120 (400) 245 (800) 300 (1000) 0.15 (0.006) 030 40.012) 0.38 (0.015) RAMS: 
Roughing 45 (150) 120 (400) 213 (700) 0.15 (0.006) 0.30 (0.012) 0.38 (0.015) E 0.180 
bs үте 60 20) 183 (600) 245 (800) 0.10 (0.004) 0.25 (0.010) 0.30 (0.012) 25 оло 
Tool steels. 
ГРНТИ Roughing 183 (600) 220 (720) 275 (900) 025 (0.010) 0.30 (0.012) 0.38 (0.015) 0.200 
pret 183 (600) 245 (800) 275 1900) 0.25 (0.010) 0.30 (0.012) 0.38 (0.015) 0.100 
39... ... Roughing % (300) 165 (540) 245 (800) 0.10 10.004) 0.28 (0.011) 0.33 (0.013) 0.100 
rans 90 (300) 183 (600) 245 (800) оло (0.004) 0.25 (0.010) 0.30 (0.012) 0.080 
®...... Roughing 90 300) 165 (540) 245 (800) 0,10 10.004) 0.23 (0.009) 0.30 0.012) 0.080 
eo 90 (300) 183 (600) 245 (800) 0.10 (0,004) 0.23 (0.009) 0.30 (0.012) 0.080 
300... нае ++- Roughing 90 (300) 165 (540) 245 (800) 10.10 (0.0041 0.23 (0.009) 0.30 (0.012) 0.080 
гониш % (300) 183 (600) 245 (800) 0.10 (0.004) 423 10.009) 0.30 (0,012) 0,080 
Alloy steels, 4000, 5000, 6000, 8000 and 9000 series 
180... sees: Roughing 45 (150) 205 (675) 230 (750) 0.23 (9.009) 0.38 (0.015) 0.46 (0.018) 5л 0.200 
ae 60 (200) 275 (900) 300 (1000) 0.20 (0.008) 0,33 0.013) 0.41 0.016) 38 0150 
D sees Roughing 3 019 183 (600) 205 (675) 23 (0.009) 0,36 (0.014) 0.43 (0,017) 51 0200 
Geen 45 (150) 245 (800) 275 (900) 0.20 (0.008) 0.30 (0.012) 0.41 (0.016) is 0.150 
ИТМ 340110) 137 (450) 183 (600) 0.15 (0.006) озо (0.012) 0.47 (0.016) 47 0.187 
ae 45 (150) 183 (600) 245 (800) 0.15 (0.006) 0.28 (0.011) 0.38 (0.015) 3A 0.150 
400. Roughing 30 (100) 120 (400) 183 (600) 0.15 (0.006) 0.28 0.011) 0.38 (0.015) EET 0.150 
[ioi 45 (150) 183 (600) 245 (800) 0.10 (0.004) 0.20 (0.008) 0.25 10.010) 25 0.100 
Stainless steels, 400 series (martensitic, ferritic) 
А 98 (320) 170 (560) 220 (720) 0.20 (0.008) 0,35 (0.013) 0,36 (0,014) 56 0220 
cot 120 (400) 213 (700) 275 (00) 0.20 (0.008) 0.30 (0.012) 0,38 (0.015) 54 0.200 
320 esses Roughing 73 (240) 146 (480) 195 (640) 0.15 (0.006) 0.30 0.012) 0.33 (0.013) 42 0.165 
ЕЗ ка 90 (300) 183 (600) 245 (800) 9.15 (0.006) 0.25 (0.010) 0.33 (0.013) 38 0.150 
380 ‚ Roughing, 50 (160) 120 (400) 170 (560) 0.10 (0.004) 025 (0.010) 0.30 (0.012) 28 0.110 
ae 60 (200) 150 (500) 213 (700) 0.10 (0,004) 0.23 (01.009) 0.30 (0.012) 2,5 0.100 
Stainless steels, 200 and 300 series (austenitic) 
w cose Roughing 75 080 150 (500) 183 (600) 0.15 (0.006) 0.25 (0.010) 0.30 (0.012) 28 оло 
Lied 90 (300) 18 (600) 230 750) 0.15 60.006) 0.25 (0.010) 0.30 (0,012) 25 9.100 
Їй... у-уу. Roughing 73 ай) 137 (450) 170 (560) 0.10 (0.004) 0.23 (0.009) 0.28 (0.011) 23 0.099 
PANT 75050 167 (550) 20 000) оло (0.004) 0.23 (0.009) 028 (0.011) 20 0.080 
Н Roughing 50 (160) 120 (490) 146 (480) 0.10 (0.004) 10 (0.008 0.28 (0.011) 23 0.090 
M 60 (200) 150 (500) 183 (600) 9.10 (0.004) 0.20 (0.008) 0.28 (0.011) 20 0.080 
04 0.016 
nium carbonitride cermets are shown in The hardness of titanium carbonitride 
Table 2. cermets is approximately comparable to 0012 = 
Cermets Compared With Cemented that of cemented carbides. The influence of = 
Carbides. Titanium carbide and titanium temperature on hardness follows simi- ions 2 
carbonitride cermets аге more wear resis- lar patterns because the metal binder sys- Ма БЕ ще 7А Ё 


tant than cemented carbides (Fig. 4) and 
allow higher cutting speeds than tungsten 
carbides or coated carbides. The following 
additional comparisons with cemented 
tungsten carbides are helpful in the success- 
ful application of titanium carbide and tita- 
nium carbonitride cermets. 





tem and its volume determine this behav- 
ior. 

The strength of cemented carbides is 
about 15 to 25% higher than the strength of 
titanium carbonitride cermets. As a result, 
feed rates and depth of cut have to be 
selected more conservatively. specifically 











'olybdenum carbide 





met Jo 
180 210 


Number of grooves 


Fig. 13 


of 4135 alloy steel 


Wear comparison between cemented car- 
bide ond cermet cutting tools in grooving 
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Fig. 14 Toctholder with сетте! indexable inserts for grooving 
9' 








Fig. 15 Boring bors with cermet indexable inserts for grooving 


Table 5 Machining parameters with cermet tools in the turning of cast iron 






































Tati sped, iin ни 7] T Feed rate, mmirev (inire) — — —| Depth af c 
Hardness, НВ Operation. tow Median у Low Median High mm in 
Gray cast irons, malleable cast irons 
10052: Roughing 90 1300) 150 (500) 260 (850) 0.25 (0.010) 0.41 10.016) 0.46 (0.018) 63 0.250 
Finishing 150 (500) 275 1900) 365 (1200) 0.23 (0.009) 0.38 (0.015) 0,43 (0.017) 38 0,150 
180. Roughing 60 (200) 146 (480) 245 (800) 0.23 10.009) 0.36 (0.014) 0.41 (0.016) 47 0.187 
Finishing 150 (500) 245 (800) 300 (1000) 01.20 (0.008) 0,33 0,013) 0.38 (0.015) 12 0.125 
250, Roughing 60 (200) 120 (400) 170 (S60) 0.23 (0.009) 0,33 0.013) 0,38 (0.015) 47 0.187 
Finishing 60 (200) 150 (800) 213 (700) 0,20 (0.008) 0.30 (0.012) 0.36 (0.014) 3.2 
б... Roughing 45 (150) 110 (360) 146 (480) 0.18 (0.007) озо (0.012) 0.33 0.01) эк 0.150 
Finishing 45 (150) 117 (450) 183 (600) 0.15 (0.006) 0.28 (0.011) 0.30 (6.012) 25 0.100 
Nodular cast irons 
140. Roughing 75 (250) 120 (400) 203 (700) 0.28 (0.011) 0.33 (0.013) 0.38 (0,015) 63 0250 
Finishing 120 (400) 213 700) 300 (1000) 0.20 (0.008) 0.30 (0.012) 0.38 (0.015) 3 0.150 
280. ‘ Roughing 160 (200) 110 360) 167 (550) 0.20 (0.008) 0.28 0.011) 0.33 (0.013) 47 0.187 
Finishing 120 (400) 150 (500) 245 (800) 0.18 (0.007) 0.25 (0,010) 0,33 (0.013) \2 0.125 
320. . Roughing 45 (180) 98 (320) 150 (500) 0.18 (0.007) 0.25 0.010) 0.30 (0.012) 25 0.100 
Finishing 160 (200) 120 400) 183 (600) 0.15 (0.006) 0.20 (0,008) 1.25 (0.010) 25 0.100 
Lo EM Roughing 45 (150) RS (280) 137 (450) 0.15 (0.006) 0.23 (0.009) 0.25 (0.010) 25 0.100 
Finishing 160 (200) * (300) 120 (400) 0.13 (0.005) 0.15 (0.006) 0.20 (0.008) 25 0.100 
Table 6 Machining parameters w h cermet tools in the turning of nonferrous free-machining metals 
Maximum. 
г - Cutting speed, тлі чї = — Feed rate, mmirey (in jee) — — depth of cut. 
Hardness, HB Operation Low Median Low Median High am in 
Nonferrous free-machining alloys (aluminum, brass, bronze, copper, magnesium. zinc) 
100.. naaa: Roughing 440 (1450) 490 (1600) 730 (2400) 0.23 (0.009) 0.51 (0.020) 0.56 (0.022) 16 9.300 
[^ cc 550 (1800) 610 (2000) 915 (3000) 0.20 (0.008) 0.46 (0.018) 0.51 (0.0201 63 0.250 
| ЖО Roughing 400 (1300) 425 01400) вто (2200) 0.23 (0.009 0.46 (0.018) 0.51 40.020) 16 0.300 
Sorina 490 (1600 50 (1800) 850 (2800) 0.20 (0.008) 0.41 (0.016; 0,46 (0.018) 63 0.250 
Finishing 





in roughing operations, in comparison to 
cemented carbides. 

The toughness range of titanium carboni- 
tride cermets is smaller than that of cement- 
ed carbides, limiting the use of these cer- 
mets in heavy roughing applications. 
However, the fracture toughness of TiC- 





base cermets may be in the same range as 
that of WC-Co, at equivalent binder vol- 
umes and carbide grain size: 

The temperature shock resistance of tita- 
nium carbonitride cermets is lower than that 
of cemented carbides and restricts the use 
of coolant in roughing applications. Coolant 








is applicable in threading, grooving, and 
finish turning applications. 

Wear Resistance. The wear mechanisms 
of a cutting edge are closely related to 
cutting temperature (Fig. 7). Low cutting 
temperatures produce pressure welding, 
which results in a built-up edge while high 
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Fig. 16 


‘threading of alloy steel. Machining 


Wear comparison between cemented corbide, coated carbide, and cermet cutting tools in the 
parameters: 





ing speed, 130 m/min (430 sfm); six passes with 





coolant. Workpiece: 4140 steel, Pitch: 6 threads per 25 mm (1 in.) 


cutting temperatures enhance diffusion and 
oxidation processes. Diffusion processes 
between the chip and the top rake surface of 
the cutting edge result in crater wear, and 
oxidation reactions with the environment 
produce scaling of the cutting edge. 

Oxidation, diffusion, and pressure weld- 
ing are thermochemical processes which are 
roughly correlated to the free-formation en- 
thalpy of the materials involved. Figure 8 
shows the free-formation enthalpy of vari- 
ous cutting tool materials. Titanium nitride 
and titanium carbide, the base materials for 
cermets, considerably surpass tungsten car- 
bide. Built-up edge, scaling, and crater wear 
are greatly reduced with cermet cutting 
tools, and a wider temperature range and 
higher cutting speeds are possible with cer- 
met cutting tools because of their higher 
resistance to diffusion and oxidation pro- 
cesses, 

Molybdenum Content. Abrasion resis- 
tance is affected by the molybdenum con- 
lent in the nickel binder of titanium car- 
bide cermets. Figure 9 shows the flank 
wear as a function of the molybdenum 
content in the nickel binder, and Fig. 10 
compares the flank wear of a titanium 
carbide/molybdenum carbide solid si 
tion material and titanium carbide with 
molybdenum and molybdenum carbide 
added to the nickel binder. 

















Applications 


Cermet cutting tools are suitable for the 
machining of steels, cast irons, cast steels, 
and nonferrous free-machining alloys. as 
detailed in Table 3. Cermet cutting tools are 
capable of operating at higher cutting 
speeds than cemented or coated carbides, 
thus allowing better surface finishes with 
cermet cutting tools. Some comparisons of 
surface finish are shown in Fig. 11 and Fig. 
12. 

Cermet cutting tools are generally used 
in the form of indexable inserts. Neither 
brazed tools nor solid cermet tools have 
reached any commercial significance. Cer- 
met indexable inserts are manufactured by 
applying the basic process steps suitable for 
cemented carbide indexable inserts. The 
similarity of the manufacturing process re- 
sults not only in manufacturing costs com- 
parable to uncoated cemented carbides, but 
also allows the manufacture of inserts in 
shapes and sizes customary for cemented 
carbide cutting tools. Cutting tool manufac- 
turers also provide various chip-breaker ge- 
ometrie: 

Turning. The major reason for the appli- 
ion of cermet cutting tools in turning is 
their long and consistent tool life over a 
wide range of cutting speeds. When turning 
ductile materials, the proper choice of a 
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Table 7 Machining parameters for 
the grooving of various steels with 
cermet tools 


Feed rote, 0.05 to 0.13 mm/rev maximum (0.002 to 
0.005 in./rev maximum) 





Cutting speed, median. 





mimin sim 
230 750 
. 204 670 
183 600 
165 540 
146 480 
213 1%) 
174 570 
146 380 
120 200 


Stainless steels, 400 series (martensitic, ferritic) 





150..... v ‚170 560 
200. х саа ABT 450 
BOD. н. оона TENET 350 
Stainless steels, 300 series (austenitic) 

QUU «seen iens, MB 480) 
250. Sonus QE . 128 420 
380... oy sce 106. 450 
Tool steels 

150. ‚195 640 
200. < 183 600 
280. . 165 540 
300 146 E 








Table 8 Cutting speeds for 
threading various steels with 
cermet tools 





[Cation speed —] 











Hardness, HB mimin ят 
Carbon steels 
150 M Е] 650 
200... кач 183 өю 
250... HERD S 174 570 
ы суук зз ied MA $40 
MUL sinicenewriseeennesyergpess AU soo 
Alloy steels 
150 „йз 600 
250 < 150 500 
Fees . 120 A00 
4%...... 120 400 
Stainless steels, 400 series (martensitic, ferritic) 
Wha —— 3105] 470 
200... sa tanh ere 137 450 
350 se sresseses 20 400 
Stainless steels, 300 series (austenitic) 
200..... ике «зээ» I 400 
250 a € 113 370 
3% „ауес. кеч. НОЙ 350 
165 540 
< 150 50 
137 E 
120 400) 
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Table 9 In-feed recommendations for threading with cermet tools 





Total Number 























Corner radius depth of cut Or tr ptt Wm ПВ —ÀÀ 
No. of threads mm о ш отто dm passes 1 2 3 4 s 6 7 * 9 10 п 
External threads per 25 mm (1 in.) 
QR 010 0004 063 0.025 5 020 018 015 0.07 0.03 
40.008) (0.007) (0.006) (0.003) (0.001) 
M. O13 0.005 071 0.028 6 020 018 015 0.10 0.05 0.03 
(0.008) (0.007) (0.006) (0.004) (0.002) (0.001) 
p NE 0.15 00% 086 0.034 7 020 0. 0.15 0.10. 0.05 0.03 
40.008) (0.007) (0.006) (0.006) (0.004) (0.0002) (0.001) 
48.0.18. 0007 0.94 0.037 8 0.20 0.18 0.15 0.15 0.10 0.07 0.05 0.03 
40.008) (0.007) (0.006) (0.006) (0.004) (0.003) (0.002) (0.001) 
T 020 ов 104 0041 9 020 0.18 0.15 0.13 0.13 0.10 0.07 0.05 0.03 
40.008) (0.007) (0.006) (0.005) (0.005) (0.004) (0.003) (0.002) (0.001) 
Tesi 20623 0009 (9 000 — 10 023 020 015 оз 9.13 ор 010 0.07 0.05 0.03 
40.009) (0.008) (0.006) (0.005) (0.005) (0.004) (0.004) (0.003) (0.002) (0.001) 
tiie sernai ooo 140 0.055 u 023 0.20 9.18 0.15 015 0.13 0.10. 0.10 0.08. 0.05 0.03 
(0.009) (0.008) (0.007) (0.006) (0.006) (0.005) (0.004) (0.004) (0.003) 00.002) (0.001) 
Internal threads per 25 mm (1 in.) 
..008 0003 078 0031 7 0.18 9.15 9.13 ол? 010 0.07 0,03 
40.007) (0.006) 10.005) (0,005) (0.004) (0.003) (0.001) 
їз...............008 000) 089 0035 8 018 0115 0.15 0.13 0.10 0.10 0.05 0.03 
(0.007) (0.006) (0.006) 40.005) (0.004) (0,004) (0.002) (0.001) 
j EE 1010 0,04 0.97 0.038 9 0.18. 9.15 0.15 0.13 0.10 0.10 0.08 0.05 0.03 
40.007) (0.006) (0.006) (0.005) (0.004) (0.004) 40,003) 10.002) (0,001) 
14.. 22010 0004 112 0044 10 020 0.18 9.15 0.13 0.13 0.10 0.08. 0.07 0.05 0.03 
40.008) (0.007) (0.006) (0.005) 40.005) (0.004) (0.003) (0.003) (0,002) 40.001) 
«sse 013 0005 627 0.050 и 020 018 о 0.15 0.13 0.10 0.10 0.08 0.07 0.05 0.03 


40.008) (0.007) (0.007) (0006) (0.005) 40.004) (0.004) (0,003) (0.003) (00) (000) 


(à) Based on 4135 steel (180 to 220 HB). Harder workpiece or poor machine condition may require a decrease in depth of cut per pass. 





Table 10 Machining parameters for the milling of various steels with cermet tools 














[ — Cutting speed. m/min (sfm) — — 1 г Feed rate, mm/rey (in./rev) =} Am 

Hardness, HB Operation. Low Mediun High Low Median High mm in, 

Carbon steels 

150-200 ................--- Roughing 106 (350) 230050) 275 (900) 0.05 (002) 0.15 (0.006) 0.18 (0.007) 76 0.00 
Бам 150 (500) 300 (1000) 365 (1200) 0,05 (0.002) 0.10 (0,004) 0.13 (0.005) 63 0.250 

200-340..................- Roughing 90 (300) 183 (600) 230 (750) 0.05 (0000) 0.13 (0.005) 0.15 (0.006) 76 0.300 
a 137 (450) 275 (900) 335 (1100) 0.05 (0.002) 0.10 (0.004) 0.13 (0.005) 51 0.200 

Stainless steels 

Austenitic 130-180 ....... Roughing 75 (250) 150 (500) 183 (600) 0.05 (0.002) 0.15 (0.006) 0.18 (0.007) 16 0.300 
on 75 (250) 150 (500) 183 (600) 0.05 (0.002) 0.10 (0.004) 0.13 (0.005) 54 0200 

Ferritic 130-180......... . Roughing 90 1300) 183 (600) 230 (750) 0.05 10.002) 0.13 0.005) 0.15 (0.006) 76 0.300 
oe 9000 — 200 (660) 245 (800) 0.05 (0.002) — 010/000) 0130008) — $1 02% 

Martensitic 200-300 ........ Roughing 60 (200) 130 (430) 150 (500) 0051002) — 0.100000 0.13 (0.005) 76 0.300 
Lem 60 (200) 137 (450) 183 (600) 0.05 (0.002) 0.08 (0.003) 0.10 (0.004) 5! 0.200 

inishing 

Alloy steels 

200-250 ооо Roughing 90 (эю) 183 (600) 230 (750) 0.05 (0.002) — 0.15 (0.006) 0.18 (0.007) 76 0.300 
[oou 120 (4001 245 (800) 300 (1000) 0.05 (0.002) 0.08 (0.003) 0.10 (0.004) 54 0.200 

250-350 . Roughing 75 (250) 140 (460) 183 (600) 0,05 (0.002) — — 0.10 (0.004) 0.13 (0.005) 16 0.300 
социа 90 (300) 183 (600) 230 (750) 00510900) — 008 (0.03 0100004) — 51 0.200 

350-40).................-. Roughing 5s (180) 106 (350) 150 (500) 0.05 (0.002) — 0.10 (0.004) 0.18 (0.005) 63 0.250 
a. 75 (250) 137 (450) 150 (S00) 0.05 (0.002) 0.08 (0.003) 0.10 (0.004) зв 0.150 

Cast steels 

ИШ)... зе: eat Roughing 1061350) — 213 (700) 275 (900) 0.05 (0002) 0.13 (0.005) 0.18 (0,007) 7.6 0.300 
рне 150.500 30001000) 36561200) — 00500.00) 0.100004) 0.130000) $1 0.200 

150-200................--- Roughing 90 (300) 183 (600) 245 (800) 005 (0:002) 0.15 (0.006) 0.18 (0.007) 76 озю 
D qid 1200400) — 250820) 30001000 005 (0:00) 0.100.004) 0.13 (0405) sa 0.200 

po — .... Roughing ө (200) 120 (400) 183 (600) 6.05 (0.002) 0.13 (0.005) 0.15 10,006) 76 0.300 
Seminole 75 (250) 150 (500) 183 (600) 6.05 (0.002) 0.10 (0.004) 0.13 (0.005) 54 0.200 


Finishing 
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Table 11 Machining parameters for the milling of cast irons with cermet tools 














Maximum 
Г Соин speed, mimin ism) T Fen rate, тайт ines) — — 3 depth of cut 

Hardness, HB Operation Low Median me! Low Median High mm in. 

Gray cast irons 

150. vag - Roughing 60 (200) 150 (500) 245 (800) 0.05 (0.002) 0.13 (0,005) 0.18 (0.007) 16 0300 
Finishing 150 (500) 245 (800) 300 (1000) 0.05 (0.002) 0.10 (0.004) 0.13 (0.005) $1 0200 

EO Se AS: Roughing 60 (200) 120 (400) 170 (560) 0.05 (0.002) 0.13 (0.005) 0.15 (0.006) 76 0.300 
Finishing 60 (200) 150 (500) 213 (700) 0.05 (0.002) 0.10 (0.004) 0.13 0.005) 51 0.300 

Malleable cast irons 

Messen, Roughing 60 (200) 150 (500) 245 (800) 0.05 (0.002) 0.13 (0.005) 0.18 (0.007) 16 0.300 
Finishing 150 (500) 245 (800) 300 (1000) 0.05 (0.002) 0.10 (0.004) 0.13 (0.005) 51 0200 

бана ‚ Roughing 60 (200) 120 (400) 170 (560) 0.05 (0.002) 0.13 (0.005) 0.15 (0.006) 16 0.300 
Finishing 60 (200) 150 (500) 213 (700) 0.05 (0.002) 0.10 (0.004) 0.13 (0.005) 54 0.200 

Nodular cast irons 

LE TRONE, Roughing 75 (250) 120 (400) 213 (700) 0.05 (0.002) 0.13 (0.005) 0.18 (0.007) 76 0.300 
Finishing 120 (400) 213 (700) 300 (1000) 0.05 (0.002) 0.10 (0.004) 0.13 (0.005) 51 0.200 

259. Roughing 60 (200) 110 (360) 168 (550) 0.05 (0.002) 0.13 (0.005) 0.15 (0.006) 76 0.300 
Finishing 90 (300) 150 (500) 245 (800) 0.05 (0.002) 0.10 (0.004) 0.13 (0.09) 51 0200 





chip-breaker geometry is essential for a safe 
and reliable turning operation. Tables 4 to 6 
present general machining parameters for 
turning various metals with cermet cutting 
tools. 


Grooving operations are associated with 
high heat and cutting pressure at the cutting 
edge. Cermet cutting tools, because of their 
high resistance to plastic deformation and 
their thermochemical stability, offer long 
tool life in comparison to cemented car- 
bides. Typical wear characteristics are 
shown in Fig. 13. 

Cermet indexable inserts are applied in 
grooving operations to achieve close dimen- 
sional control and good surface finish of the 
machined surfaces. Figures 14 and 15 show 
cermet indexable inserts mounted on a tool- 
holder and boring bar for grooving. Table 7 
contains guidelines for the median cutting 
speed and feed rate used when various 
materials are grooved with cermet cutting 
tools, The use of coolant improves surface 
finish and tool life. 














Threading. The development of tougher 
cermet cutting materials resulted in the eco- 
nomical application of cermet cutting tools 
in single-point thread turning. Threading 
requires tougher cutting materials because 
of the small tool nose radii of most standard 


thread forms and because of the rapid 
change of cutting forces at the entry and 
exit of the cut. 

The application of cermet indexable inserts 
in single- -point turning extends tool life, in 
comparison to carbides and coated carbides 
"ig. 16) and allows higher cutting speeds. 
Table 8 contains guidelines for the cut- 
ting speed in single-point turning of threads 
with cermet cutting tools, and Table 9 
gives guidelines on the depth of cut and 
number of passes. The first pass normally 
takes a deeper cut, and on each subsequent 
pass the depth of cut is reduced, as shown in 
Table 9. Coolant is applicable and results 
ш improved surface finish and longer tool 
life. 

Milling. The development of tougher tita- 
nium carbonitride compositions. widened 
the application range of cermets in milling. 
The modern molybdenum carbide and tan- 
talum/niobium carbide grades can endure 
the mechanical and temperature shock cy- 
cling and the variations in chip load associ- 
ated with milling. 

Cermet cutting tools are applied when 
consistent tool life and good surface finish 
are required, and the cutting tool industry 
provides various styles of cermet indexable 
inserts for the most common milling cutter 
designs. Tables 10 and 11 contain general 





guidelines for milling various steels and cast 
irons with cermet cutting tools. 
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Ceramics 


Ranga Komanduri and Shyam K. Samanta, National Science Foundation 


CERAMICS are the newest class of tool 
materials with potential for a wide range of 
high-speed finishing operations and for the 
high removal rate machining of difficult- 
to-machine materials. The development of 
current ceramic tool materials was partially 
based on the advances in high-temperature 
structural ceramic materials and processing 
technology developed in the early 1970s for 
automotive gas turbine and other high-tem- 
perature structural applications. 

Ceramics are inorganic, nonmetallic ma- 
terials that are subjected to high tempera- 
(ure during synthesis or use (Ref 1), The use 
of ceramic tools in metal cutting, after a 
long period of slow growth, is beginning to 
increase with the advent of alloyed ceram- 
ics and ceramic-matrix composites, as well 
as with the advances in ceramic processing 
technology. 








Production Process 


The production of ceramic tools involves 
the consolidation and sintering of powdered 
material. The sintering provides the neces- 
sary densification of the consolidated pow- 
der and can be performed with or without 
the assist of pressure. In pressureless sin- 
tering, the powder is first shaped into a 
green (unsintered) body, which is then sin- 
tered to achieve the necessary densific: 
tion. In hot pressing, the shaping is per- 
formed during sintering. 

Hot pressing involves heating the powder 
in a die, along with the simultaneous appli- 
cation of a high uniaxial pressure. Although 
hot-pressed materials are more expensive, 
they usually have a finer grain size and a 
higher density and transverse rupture 
strength than cold-pressed products. 

Hot isostatic pressing is used to reduce 
the size of closed pores in high-performance 
ceramics. This process exposes sintered or 
unsintered products to a hot pressurized 
gas. The hot isostatic pressing of unsintered 
parts requires a gastight container for trans- 
mitting the gas pressure to the porous part. 








Compositions 


The ceramics currently used in metal 
cutting are based on either alumina (ALO;) 
or silicon nitride (Si,N,). Other ceramics 


(such as magnesia, yttria, zirconia, chromi- 
um oxide, and titanium carbide) arc used as 
additives to aid sintering or to form com- 
posite ceramics with improved thermo-me- 
chanical properties. 





Alumina-Base Tool Materials 

Alumina was considered for certain ma- 
chining applications as early as 1905, and 
patents based on this technology were is- 
sued in England and in Germany around 
1912. However, the strength and toughness 
of these ceramic tools were inadequate for 
commercial applications. During World 
War Il, because of the strategic value of 
tungsten and the potential for increased 
machining rates, the Germans reconsidered 
ceramics as cutting tool materials (Ref 2). 
The pioneering work of Ryschkewitsch on 
pure oxide ceramics lead to Degussit, the 
first commercially produced Al,O; ceramic 
tool (Ref 3). A similar effort at the Institute 
of Chemical Technology in Moscow lead to 
the development of ап Al,O, ceramic. Mi- 
crolith, in 1943. In the United States, the 
work in this area began as early as 1935, but 
no progress was made ui 1945, after 
extensive testing of Degussit. 

In the 1960s, the development of hot 
pressing and hot isostatic pressing resulted 
in stronger and more reliable parts. Ceramic 
cutting tools were based on sintered or 
hot-pressed polycrystalline a-Al,O, (white 
ceramic) with a variety of sintering aids and 
compositions (Ref 4). These tools were pri- 
marily used for the high-speed finish ma- 
ing of cast iron and steel for the auto- 
motive industry or for the slow-speed 
machining of extremely hard (and difficult- 
е) cast or forged alloy steels in the 
roll industry. These ceramics were 
basically fine-grain (<5 рт) А!,О,-Баѕе ma- 
as a sintering aid and 
grain growth inhibitor. They were also al- 
loyed with suboxides of titanium or chromi- 
um to form solid solutions. For example, in 
1960, General Electric Company developed 
an Al,O,-TiO ceramic made by cold press- 
ing and liquid-phase sintering (Ref 5). This 
ceramic is characterized by a reasonably 
fine grain size (3 to 5 pm) and a uniform 
microstructure. The TiO constitutes about 
1096. A hardness of 93 to 94 HRA and a 
transverse rupture strength of about 550 




















MPa (80 ksi) were achieved. The low 
strength and toughness of these Al,O,-base 
ceramics limited their use to high-speed 
finish machining or to the high removal rate 
machining of chill cast iron rolls on ex- 
tremely rigid, high-power (—450 kW, or 600 
hp). high-precision lathes (Ref 6). 

Since the 1960s, the development of al- 
loyed ceramics and ceramic-matrix com- 
posites has resulted in ceramic tool materi- 
als with improved thermo-mechanical 
properties. The three main Al,O,-base tool 
materials are Al;O,-TiC, Al;O,-ZrO;. and 
А10, reinforced with silicon carbide (SiC) 
whiskers. Other Al,O,-base ceramics have 
additives of TiN, ТІВ, Ti(C,N), and 
Zr C.N). 

Alumina and Titanium Carbide. Im- 
provements in the thermo-mechanical prop- 
erties occurred in the late 1960s when Jap- 
anese researchers added titanium carbide 
(TiC) to an Al,O, matrix. This alloyed c: 
ramic is a dispersion-strengthened ceramic 
that contains 25 10 40 vol% TiC as а dis- 
persed particulate phase. Alumin; titanium 
carbide is often called a black ceramic com- 
posite due to its color, which results from 
the presence of titanium carbide. Hot press- 
ing is the typical production process. 

Figure 1 shows an electron micrograph of 
hot-pressed Al,O,, and Fig. 2 shows an 
optical micrograph of a hot-pressed Al,O,- 
TiC ceramic. The addition of TiC greatly 
increases thermal conductivity, presumably 
through the formation of a more conductive 
intergranular phase (Ref 7). The ALO,-TiC 
ceramics also exhibit a higher hardness and 
toughness than single-phase Al,O, (Ref 8- 
10). 

Alumina-zirconia (Al;O;-ZrO.) is ап al- 
loyed ceramic with higher fracture tough- 
ness and thermal shock resistance than 
monolithic Al,O,. However, the degree of 
toughening of Al,O,-ZrO3 ceramics de- 
creases with increasing temperature (Ref 
11. 12). The hardness of the ceramic is also 
reduced with increasing ZrO;. 

The toughening of Al,O, with ZrO, ex- 
ploits a specific crystallographic change 
(martensitic-type transformation) that is an 
energy-absorbing mechanism. The presence 
of metastable tetragonal ZrO, provides the 
potential for transformation under stress 
into a stable monoclinic structure. The 































Fig. 1 Scaming electron micrograph of hot-pressed 
9. ! АО, Polished and etched. 5000*. Cour- 
tesy of Kennametal Inc. 


transformation acts as a stress absorber and 
prevents, even when cracks exist, further 
cracking by the twinning of the monoclinic 
phase. 

Figure 3 is a micrograph of a fracture 
surface of an alumina-zirconia alloy. The 
zirconia particles are concentrated predom- 
inantly at the alumina grain boundaries, 
Although the fracture is intergranular, the 
presence of these particles is believed to 
provide additional toughness before failure 
can occur by fracture. 

An ALO,-ZrO, ceramic with traces of 
tungsten carbide was introduced by the 
Carboloy Systems Department of General 
Electric in the early 1980s. The high tough- 
ness of this alloy is attributed to rapid 
freezing from the melt, which results in à 
dendritic freezing strueture and superior 
grinding performance. The three popular 
compositions contain 10, 25, and 40% ZrO;: 
the remainder is Al,O,. The 40% ZrO, 
composition is close to the cutectic. The 
higher-ZrO, compositions are less hard, but 
tougher. 

Silicon carbide whisker reinforced alu- 
mina (AI,0,-SiC,,) is the newest ALO;- 
base tool material. The incorporation of SiC 
whiskers (25 to 45 vol%) into an AIO, 
matrix with subsequent hot pressing results 
in a composite with significantly improved 
toughness. Whisker reinforcement pro- 
duces a twofold increase in fracture tough- 
ness relative to monolithic Al,O, (Ref 13, 
14). Figure 4 shows the microstructure of 
SiC whisker reinforced Al,O,. 

The whiskers, which are small fibers of 
single-crystal SiC about 0.5 to 1 ыт (20 to 
40 їп.) in diameter and 10 to 80 рт (400 to 
3200 pin.) long. have a higher thermal con- 
ductivity and a lower coefficient of thermal 























Fig. 2 Micrograph of o hot-pressed Al,O,-TiC ce- 
Ө. 4 сот tool material. 1500%. Courtesy of 
Kennametal Inc. 


expansion than Al,O,. This improves ther- 
mal shock resistance. 

The SiC whiskers in the alumina matrix 
also improve fracture toughness. Although 
the details of the micromechanisms for im- 
proved fracture toughness of Al,OQ,-SiC 
whiskers have not been clearly established, 
a plausible mechanism for the toughness is 
ased on current knowledge of the general 
behavior of composite materials. As a crack 
propagates through the ceramic matrix, 
bonds between the Al,O, matrix and the 
whiskers are broken. However. the SiC 
whiskers, because of their inherently high 
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i Micrograph of о fracture surface of an 
Fig. 3 аот ота ceramic (АЦО, + 8% 
2rO,) showing the concentration of zirconia particles (the 
bright edges) at the alumina grain boundaries, 3000 x 
Courtesy of Corboloy Inc. 


tensile strength (7 GPa, or 1 х 10° psi), 
remain essentially intact. Consequently, 
whisker pullout occurs as a result of the 
separation of the matrix from the whiskers. 
Interfacial shear stress resisting the whisker 
pullout absorbs a substantial amount of this 
fracture energy and inhibits crack propaga- 
tion. For improved fracture toughness, a 
strong metallurgical bond between the fi- 
bers and the matrix is not desirable; a strong 
bond would cause the whiskers to fail along 
with the matrix. This is the case with SiC 
whisker reinforced Al,O, because the bond 
between the matrix and the fibers is not 
particularly strong. For optimum results, it 
is recommended that the fracture energy of 











А Microstructure of SiC whisker reinforced А!,О, composite tool material, (а) 2100x . (b) 5000x . Courtesy 
Fig. 4 Xk tol l Bo 
i of Kennomet Inc. 
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Table 1 Sintering additives for Si3N4 
лайте Chemical behavior. Name 
Systems with extended solid-solution formation 
AIO, AIN. Si Sig ALONS + (-SIAION 
BeO,Be,N. 1. Sig. Be Os Nes B-SiBeON 
АО. AIN, © Si. Be AL Os, +v B-SIAIBeOn 
АБО), AIN, те 

M- Li, Ca. Mg. Y xb reget м$, АП, (О.М -SIAION 
Systems without exiended solid-solution formation 
MgO) or MgO, МЫМ, SiO .- No quaternary phases SiMgON 
730$... куамын No quaternary phases SiZrON 

or YO, 803. Quaternary phases SIYON 

40, or CeO; Quaternary phases SiCeON 
Mixed systems 
АО, AIN, 510). MgO. B-SIAION + MgO SiAIMgON 
Abs. AIN, 5105. Y:Os P-SIAION 4 Ү;О, AIYON 
AlO,, AIN, 58105. 200; BSIAION + ZrO, SiAIZrON 





Source: Ret 15 





the interface not exceed 10% of the fracture 
energy of the ALLO, matrix. 


Silicon Nitride Base 
Tool Materials 

Silicon nitride recently has attracted 
much attention as a tool material because of 
its unique combination of excellent high- 
temperature mechanical properties and re- 
sistance to oxidation and thermal shock. 
Both transverse rupture strength and frac- 
ture toughness of Si,N, are higher than for 
AMO, TIC. Moreover. because poor ther- 
shock resistance is a major cause of 
failure of Al,O,-TIC tools, the difference in 
thermal properties is significant. The ther- 
mal conductivity of Si,N, is approximately 
double that of Al,O,-TIC, while the coeffi- 
cient of thermal expansion is around one- 
half that of Al,O,-TiC. These thermal prop- 
erties result in a much lower sensitivity to 
temperature changes and improved ther- 
mal-shock resistanci 

he difficulty of utilizing these properties 
arises from the problems involved in sinter- 
ing pure Si, N,. In SisN,, the volume diffu- 
sivity is not large enough to offset the 
densification retardation effects of surface 
diffusion and volatilization phenomena: as a 
result, sintering is difficult. The covalent 
bond is believed to be the reason for such a 
low volume diffusivity. Therefore. dense 
Si, N,-base material can be obtained only by 
alloying Si;N, with additives that promote 
sintering. The properties of these. SN, 
alloys, especially at high temperature: 
to a large extent controlled by the additives. 
As a result, there is not just a single SiN4 
material, because the properties of SiN, 
alloys depend on the additives. 

Various metal oxides and nitrides have 
been found to be effective sintering aids. 
The sintering additives can be divided into 
three classes. The first class exhibits ex- 
tended solid-solution formation with B- 
Si, N, or a-Si,N,; the second class does not. 
The third class is made up of combinations 
























of the additives from the first and second 
class and yields a mixed behavior (Table 1). 
Consequently. by using soluble additives, it 
is possible to manufacture single-phase al- 
loys; using insoluble additives necessarily 
yields multiple-phase alloys with either 
crystalline or amorphous phases. 

"The most commonly used solid-solution 
additives to SiN, are Al,O,, aluminum 
nitride (AIN), and silica (510). The densi- 
fication of Si,N,-base ceramics is obtained 
by liquid-phase sintering. Dense material of 
B-Si,Nq is fabricated by hot pressing a- 
Si,N, powder with a suitable densification 
additive at 30 MPa (4 ksi) in a graphite die at 
1700 to 1800 °C (3100 to 3300 °F), The SiN, 
powder is generally covered with a thin 
layer of SiO,. The purpose of the additive is 
to react with this SiO, and a small amount 
of Si,N, at the high hot-pressing tempera- 
ture to form an oxynitride liquid phase in 
which o-Si,N, dissolves and from which 
B-Si,N, is precipitated. 

SiAION generally refers to a system made 
up of ALO, and SiN,. The B-SiAIONs are 
derived from the structure of B-Si,N, (hex- 
agonal crystal structure with ABAB stack- 
ing) having compositions of Si, ALO,Ns, 
(О € x = 4.2). The e-SiAIONs are derived 
from the a-Si,N, structure (hexagonal crystal 
structure with ABCDABCD stacking). The В 
solid-solution formation is purely substitu- 
tional; silicon is replaced by alui inum and 
nitrogen by oxygen. The mechanism of den- 
sification of SiAION is a transient liquid- 
phase sintering. 

‘Alumina is a desirable additive for cutting 
tool applications because its chemical inert- 
ness limits wear (such as crater wear) by 
chemical reactions. This benefit associated 
with Al,O, can be demonstrated by consid- 
ering the free energy of formation, which is 
a good indicator of chemical inertness. Fig- 
ure 5 compares the free energy of formation 
as a function of temperature for various 
materials. The more negative the free ener- 
gy. the more chemically inert or corrosion 
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resistant the material should be In Fig. 5. 
the free energy of Si N, falls within the 
range of cemented carbides, while АО, 
has the most negative free cnergy. There- 
fore, an AlO; additive should improve the 
wear resistance by making the resultant 
alloy more chemically inert. 

A mixture of two different classes of oxide 
additives is sometimes used for the densifica- 
tion of Si,N4. This is done to densify the 
material ai a lower temperature and to yield 
more refractory-type secondary phases. Alu- 
mina is used most often, so the systems 
studied usually include a mixed alloy of B- 
SiAION, such as SiAIMgON ог SiAIYON. 

The SiAIZrON system also gains interes 
because of the possibility of the martensitic 
transformation toughening of SiN, by 
ZrO,, which has been demonstrated іп 
AlO, ceramics. If only 270; added to 
Si,N,, an undesirable chemical reaction 
without densification occurs (Ref 17). Fur- 
ther additions of Al,O; and AIN yield a 
dense material consisting of B-SiAION and 
ZrO, (Ref 18). 

If yttria (¥,0,) is used, the material is 
YO stabilized silicon aluminum oxynitride 
SIAIYON), which is isostructural with B- 
Si,N,. Because of the similarity in crystal 
structure, B'-SiAION has physical and me- 
chanical properties similar to those of Si, Na, 
and because of its Al,O, additive, B'-SiAION 
has additional chemical inertness- 

To produce B’-SiAION, а mixture of 
AlO, (~13%), SiN (77%), Y0; 
(—10%), and AIN is used as the starting 
material. During sintering, this mixture pro- 
duces a larger volume of lower-viscosity 
liquid than in the synthesis of Y ,Os-stabi- 
lized ShN, (and its surface silica); there- 
fore, B/-SiAION can be fully densified by 
pressureless sintering. The powder mix for 
B-SiAION is first ball milled, then pre- 
formed by cold isostatic pressing. and sub- 























Fig. 6 Sxoming electron micrograph of a SiAION 
g. Ө ceramic tool, 10 000*. Courtesy of Kenna- 
metal Inc. 


sequently sintered at a maximum tempera- 
ture of 1800 *C (3300 ^F) under isothermal 
conditions for approximately 1 h before it is 
allowed to cool slowly. The microstructure 
of B'-SIAION consists of В’ grains cement- 
ed by a glass phase. A scanning electron 
micrograph of a polished and etched sample 
is shown in Fig. 6. 

Rapid cooling from the processing temper- 
ature produces a microstructure of B-SiAION 
grains with an intergranular glassy phase. If 
Y0; is the sintering aid. a portion of this 
glassy phase can be converted to crystalline 
yttrium-aluminum-garnet (YAG) by heat 
treating and slow cooling. However. most 
sintered SiAIONs contain some residual glass 
phase, particularly at grain-boundary triple- 
points. Like the Si,N, sintering aid systems, 
the properties of the SiAIONs are dependent 
on the type and amount of sintering aid em- 
ployed and the processing route followed 
during part fabrication. 





Properties 


Ceramics provide a desirable tool materi- 
al because their good hot hardness (Fig. 7) 
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Fig. 7 Yee hardness versus temperature. 1 kg 
19. 7 oad, 10 s indent time. sei and Solon i 
оге product names of Kennametal Inc. Siolon | is on а// 
B'-SiAIYON, and Sialon II is a B'-SiAIYON. Source: Ref 19 


and oxidation resistance reduce the amount 
of tool wear at high cutting temperatures. 
These properties allow mic tools to be 
used in the high-speed machining (>300 m/ 
min, or 1000 sfm) of even difficult-to-ma- 
chine metals. 

The primary difficulty, however. is that 
ceramics have a lower fracture toughness 
and transverse rupture strength than ca 
bides (Table 2). Ceramic tools also have a 
lower thermal shock resistance, which de- 
pends on the fracture toughness (Кү), 
Young's modulus (E), the coefficient of 
thermal expansion (a). and thermal conduc- 
tivity (A), Figure 8 compares some ceramic 
and carbide tools in terms of two figures- 
of-merit for thermal shock resistance. 

The importance of these properties de- 
pends on the machining conditions (Fig. 9). 
Strength and toughness are important dur- 
ing interrupted cuts and at high feed rates 
and depths of cut, while hot hardness and 
abrasion resistance are primarily important 
as cutting speeds increase. Thermal shock 
resistance is desired when high mechanical 











Table 2 Room-temperature properties of ceramic and tungsten carbide 


tool materials 

















Teen тайн reni Hardness, | Fracture toughness | 
Tool material. MPa HRA MPa\ kivim. 
... $00-700 70-100 93-94 35-45 2 
К z - 700-900 100-130 93-94 5080 3 
ALO TIC -. 600-850 90-120 94-95 3.5-4.5 244. 
буа SiC, ‚550-750 soio 94-95 45-80 41-74 
700-1050 100-150 92-94 60-8.5 557. 
.-. 700-900 100-125 93-95 4560 41 
WC-Co alloys . 1250-2100 180-300 91-93 10.0-13.5 94-114 
Source: Ref 20 
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stresses, high cutting speeds. or the use of 
cutting fluids are involved. 

Chemical inertness is also an important 
property at high cutting speeds. The chem- 
ical inertness of ceramics, as discussed car- 
lier. is associated with the free energy of 
formation (Fig. 5). Alumina is the most 
chemically inert, while silicon nitride and 
silicon carbide are more reactive with co- 
balt and iron. The reactivity of SiC with 
ferrous materials appears to be the reason 
why SiC whisker reinforced Al;O, is limited 
to applications with nickel-base superalloy 
workpieces. 






Tool Geometries 


Because ceramics are relatively brittle, 
special cutting edge preparation is required 
to prevent chipping or edge breakage. This 
consists of honing or grinding a 0.05 to 0.15 
mm (0.002 to 0.006 in.) wide flat on the 
cutting edge, which is made about 30° with 
respect to the tool face. 

Ceramics have primarily used negative 
rakes with chamfered edges, although im- 
provements in fabrication techniques, me- 
chanical properties, and machine tool ri- 
gidity permit the use of positive-rake 
geometries. Honed edges and a central hole 
for a locking pin are also possible. 

Some simple chip-breaker styles have 
also been demonstrated. Because hot uniax- 
ial and isostatic pressing are often required 
to ensure full densification and because the 
brittleness of ceramics makes grinding dif- 
ficult, molded chip breakers are difficult to 
form. However, higher speeds, especially if 
combíned with high feeds, generally pro- 
vide adequate chip control. 





Applications 


Ceramic cutting tools are primarily used 
in turning and boring operations, and each 
type of ceramic has different areas of appli- 
cation, as outlined in 10. Because of 
their higher hot hardness and chemical in- 
ertness, ceramics are used in the high-speed 
(7300 m/min, or 1000 sfm) finish machining 
of many hard and difficult-to-machine ma- 
terials. High removal rates are possible with 
uninterrupted cuts or more rigid machine 
setups. The higher thermal shock resistance 
of the tougher ceramics (SiAION and SiC 
whisker reinforced Al;O;) allows the use of 
cutting fluids in most applications. 

Cutting Steels and Cast Irons. With a 
depth of cut of about 1 mm (0.04 in.), the 
Al.O,-TiC ceramics are suitable for the 
cutting of steels and cast irons at the ap- 
proximate turning feeds and speeds shown 
in Fig. 10. The tougher SiAION ceramics 
are also suitable for cutting cast irons, but 
not steels. For more information on the 
cutting of steels and cast irons with ceramic 
tools, see the articles “Machining of Cast 
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Irons and “Machining of Tool Steels” in 
this Volume. 

Cutting — Nickel-Base Superalloys. 
Depth-of-cut notching is a problem when 
machining nickel-base superalloys with 
ceramic tools, and the tougher ceramics 
(SiAION and SiC whisker reinforced ALO ) 
provide more resistance against depth-of- 
cut notching. For more information on cut- 
ting nickel-base superalloys with ceramic 
tools in turning operations. see the article 
"Machining of Heat-Resistant Alloys" in 
this Volume 

Grinding. Ceramics are also used in 
grinding operations. In grinding, polishing. 
and cutoff operations, ceramics (Al,0,, 
Al,O,-ZrO;, and SiC) and superabrasives 
(diamond and cubic boron nitride) are 
variably used. Alumina and silicon carbide 
abrasives are discussed in the article 
"Grinding Equipment and Processes" in 











this Volume. Diamond and cubic boron 





Mi ing. Ceramics are gen- 
erally not used in drilling because small- 
diameter holes and the resultant lower cut- 
ting speeds preclude the utility of ceramics. 
The strength and fracture toughness limita- 
tions of current ceramics also limit their 
appl n to milling, although some re- 
cently introduced ceramics are being suc- 
cessfully applied in the milling of selected 
work materials. Advances in ceramic tool 
technology by way of toughened ceramics 
may enable wider application of ceramics to 
milling operations. 

Material Limitations. Not all materials 
can be machined with ceramics. Ceramics 
can be successfully used to machine most 
steels, cast iron, and nickel-base superal- 
loys, even in their hardened condition. as 
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Fig. Т1 cross section of multiple coatings of TiC on TiN on a SisN,-TiC composite tool material 


well as many nonferrous alloys and com- 
posites. However, the SiAION and SiC 
whisker reinforced ceramics are limited in 
their application because of chemical reac- 
tions between the workpiece and ceramic 
tool. The SiC whisker reinforced 
are limited to the cutting of nick 
superalloys, while SiAION tools are primar- 
ily limited to the cutting of cast iron and 
nickel-base superalloys. 

Titanium alloys, aluminum alloys, and 
some stainless steely also cannot be ma- 
chined economically with most ceramic 
tools, because of chemical interactions be- 
tween the ceramic tools and these work 
materials. In contrast, high-speed steel and 
cemented carbides (for example, WC base 
and TiC base) are capable of machining a 
wide range of work materials. This is be- 
cause the chemistry of both classes of ma- 
terials can be varied to exhibit a range of 
metallurgy, hardness, and toughness for a 
variety of applications. 




















Coated Ceramics 


Thin coatings (2 to 5 рт) on monolithic 
ceramic substrates have been developed 
primarily to limit chemical interactions be- 
tween the tool and the work material. For 
example, SiN, tools are successfully used 
for the high-speed machining of cast iron. 
However, these tools react significantly 
with steels and therefore cannot be used for 
high-speed machining. To take advantage of 
the high-temperature deformation resis- 
tance of this material and to minimize chem- 
ical interactions when machining steels at 
high speeds, multiple coatings of TiC-TiN 
or Al,O,-TiC on Si,N, and SiAION sub- 
strates were developed that are similar to 
those for cemented carbides (Ref 21-24). 
Figure 11 shows a cross section of multiple 
coatings of TiC оп TiN on а SGN,-TiC 
composite tool material. However, the ex- 


tent to which such coated ceramic tools will 
be used versus the competing materials for 
the high-speed machining of steels and oth- 
er materials depends on the need and the 
economies of machining. Coated ceramics 
remain in the experimental stage. 
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P.J. Heath, De Beers Industrial Diamond Division (Pty) Ltd. (England) 


DIAMOND AND CUBIC BORON NI- 
TRIDE (CBN) are the two hardest materials. 
known. They have found numerous appli- 
cations in industry, both as ultrahard abra- 
sives and as cutting tools. This paper re- 
views the high-pressure synthesis of these 
materials, their cutting tool formats, and 
some examples of their application as cut- 
ling tools in the field of machining. For 
information on the use of these materials for 
grinding operations, see the article '"'Super- 
abrasives" in this Volume. 





Comparison of Diamond 
and Cubic Boron Nitride 


Diamond and CBN are very similar in 
many ways: they are the two hardest mate- 
rials known, they share the sam tallo- 
graphic structure, and they exhibit excep- 
tionally high values of thermal conductivity. 
In other ways they are very different. Dia- 
mond, for example, oxidizes in air (Ref 1), 
reacts with ferrous workpiece material at 
moderate temperatures, and is subject to 
graphitization. Cubic boron nitride, on the 
other hand, is thermally quite stable both in 
air and in contact with ferrous workpiece 
materials (Ref 2). As a result of these fun- 
damental property differences, there is a 








simple split in the basic application of dia- 
mond and CBN. Diamond is used in the 
machining of nonferrous materials such as: 


© Aluminum alloys 
* Copper alloys 

* Abrasive plastics 

* Glass and carbon fiber composites 
* Green ceramics 

* Tungsten carbide 

* Abrasive wood/plastic composites 
* Natural stone 

* Concrete 


Cubic boron nitride is used in the machining 
of ferrous materials such as: 


* Tool steels 

* Hard irons 

* Pearlitic gray cast iron 

* Hardfacing alloys 

* Surface-hardened steels and irons 


Synthesis of Diamond Grit. The bulk of 
diamond used for industrial applications is 
made synthetically by subjecting carbon, in 
the form of graphite, to high temperatures 
and pressures using large special-purpose 

ses (Fig. 1). By the application of heat 
sure, the hexagonal structure of 
graphite (Fig. 2a) can be transformed into 
the cubic structure of diamond (Fig. 2b). 
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Fig. 1 The main components of a die set for diamond or CBN synthesis 


This transformation does not take place 
easily, as the immense temperatures and 
pressures of the graphite-diamond equilibri- 
um diagram show (Fig. 3). In commercial 
practice, however, the required tempera- 
tures and pressures can be reduced by the 
use of a solvenUcatalyst, such as nickel, 
cobalt, iron, or the alloys thereof. After the 
transformation process, the reaction mass 
embedded with diamond crystals (Fig. 4) is 
extracted from the reaction chamber, and 
the dissolution of the solvent/catalyst with 
acid liberates the crystals. In this form, the 
diamond crystals are recovered for subse- 
quent processing and are used as an abra- 
sive in grinding wheels and stone saws, for 
example. 

Synthesis of Cubic Boron Nitride Grit. 
Boron and nitrogen can form a compound of 
boron and nitrogen using the reaction: 


ВСІ, + NH, = BN + 3HCI 


where the compound BN has a hexagonal, 
graphitelike structure. with approximately 
an equal number of boron and nitrogen 
atoms arranged alternately (Fig. 5a). This 
compound of hexagonal boron nitride 
(HBN) is a soft, slippery substance like 
hexagonal bon (graphite), and just as 
hexagonal carbon (graphite) can be trans- 
formed into cubic carbon (diamond), HBN 
can be transformed into CBN as shown in 
Fig. 5(b). The equilibrium diagram for this 
transformation is shown in Fig. 6. Here, 
too, it is normal practice to use a solvent/ 
catalyst. In this с an alkali, an alkali 
earth metal, or the nitrides thereof, such as 
lithium nitride, are used. 

Synthesis of Polycrystalline Diamond 
and Polycrystalline Cubic Boron Nitride. 
It is possible also to produce polycrystalline 
diamond (PCD) or polycrystalline cubic bo- 
ron nitride (PCBN) by sintering (or binding) 
many individual crystals of diamond or 
CBN together to produce a larger polycrys- 
talline mass. It is commercial practice to 
enhance the rate of polycrystalline forma- 
tion by the addition of a metal or ceramic 
second phase (Ref 4). In addition, the whole 
mass must again be maintained in the cubic 
region of the respective temperaturc-pres- 
surc phase diagram to prevent the hard 
cubic crystals from reverting to the soft 
hexagonal form. By such high-temperature 























Fig. 2 


arrangement of atoms in diamond 


high-pressure sintering techniques, it is pos- 
sible to obtain a mass of diamond or CBN in 
which randomly oriented crystals are com- 
bined to produce a large isotropic mass 

An immense range of polycrystalline 
products can be made of diamond or CBN. 
Changes in grain size, second phase em- 
ployed, degree of sintering, particle size 
distribution, and the presence or absence of 
inert ceramic, metallic, or nonmetallic fill- 
ers, for example, have profound effects on 
the mechanical, physical, and thermal prop- 
erties of the final product. By careful for- 
mulation it is possible to tailor material 
properties for particular applications. Fig- 
ure 7 shows a few of the many microstruc- 
tures that can be produced in PCD and 
PCBN products. 

Product Formats. It is possible not only 
to change the formulation but also to make 
PCD and PCBN blanks in many different 
formats. Figure 8 illustrates some of the 
possibilities. One of the most commonly 
used formats for cutting tool applications 
consists of a layer of PCD or PCBN, be- 
tween 0.3 to 1.5 mm (0.012 to 0.060 in.) 
thick, bonded to a cemented tungsten car- 
bide substrate. This format of PCD and 
PCBN tooling is often used for light cutting 
of hard materials. Where more arduous 
machining conditions are encountered, such 
as in rough machining. solid PCD or PCBN 
tool inserts can offer advantages over a 
two-layer product. 

Properties of PCD and PCBN. Table | 
shows some of the important mechanical 
and thermal properties of PCD and PCBN, 
together with properties measured under 
similar conditions for the conventional cut- 
ting tool materials, tungsten carbide, Al,O, 
ceramics, Al,O, + TiC mixed ceramics, 
Sialon, and single-crystal diamonds. 




















Polycrystalline Diamond 
Cutting Tools 


Polycrystalline diamond cutting tools are 
commercially available in either the solid or 
layered format, Polycrystalline diamond 
cutting tools with a layered format have a 


Transformation 





(b) 


Arrangement of carbon atoms. (а) The hexagonal arrangement of atoms in grophite. (b) The cubic 


tungsten or tungsten carbide substrate. 
Standard overall product thicknesses have 
become established at 1.6 mm (0.063 in.), 
3.18 mm (0.125 in.) and 8.0 mm (0.315 in.). 
The largest cutting tool blank commercially 
available has a diameter of 71.0 mm (2.75 
in.) 

‘The thickness of the diamond layer varies 

from manufacturer to manufacturer, but is 
usually between 0.3 mm (0.012 in.) and 1.5 
mm (0.060 in.) Over the years, various 
grades have been developed that are based 
on different average particle sizes of dia- 
mond used in the PCD layer. In the De 
Beers range. for example, there are three 
grades based on the average particle sizes of 
2 pm (80 pin.), 10 pm (400 pin.), and 25 рт 
(1000 uin.). A fourth grade, also based on 2 
шт (80 pin.) diamond, has recently been 
developed with enhanced toughness, which 
finds applications in the woodworking in- 
dustry, in particular. The etched structures 
[ these four grades of PCD are shown in 
‚9. 
The following discussions refer to layered 
PCD tools. These tools are brazed to tool 
shanks or to indexable inserts for usc in 
standard toolholders. 




















Tool Fabrication 


Cutting PCD blanks into smaller pieces 
is usually done by wire electrical discharge 
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Crystals of diamond embedded in the reoc- 
tion mass extracted from a high-temperature 


Fig. 4 


press 


machining (EDM). However, it should be 
noted that not all available machines have 
sufficiently powerful generators to cul the 
PCD layer, which has a relatively low con- 
ductivity. If cutting difficulties are experi- 
en the following factors should be 
checked: 








ө 15 there good electrical contact to the 
wire? 

ө Is there good electrical contact to the 
workpiece? 

€ 15 the water conductivity less than 20 
ohm * cm (7.9 ohm * in.)? 

€ 15 electrolyte flushing adequate? 

e Are discharge conditions correctly set for 

PCD? 

Brazing. The next step in tool fabrication 
consists of brazing a suitably shaped blank 
into a pocket in a steel or cemented carbide 
substrate. In general, to braze layered PCD 





(b) 


Arrangement of boron and nitrogen atoms. (a) The hexogonal arrangement of boron nitride. (b) The cubic 


Fig. 5 arrangement of boron nitride 
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Fig. 6 Equilibrium diagram for HBN and CBN 


tools, silver alloy brazes with low melting 
points in the range of 600 to 750 °C (1100 to 
1400 °F) are used. Suitable alloys and their 
manufacturers are listed in Table 2 and 
should be used in conjunction with the 
recommended fluxes. Great care must be 
taken not to overheat the PCD blank; over- 
heating could cause the diamond to revert 
to graphite (Ref 5). The mating surfaces 
must be adequately prepared, and cleanli- 
ness is of paramount importance. Heating 
may be by an oxygen-acetylene torch, but 
the preferred technique is by induction 
brazing, which gives a greater degree of 
control. 

Grinding of PCD is the next step in the 
tool fabrication process. Grinding and radi- 
using the tool flank remove the damage 
produced by wire cutting (typically 0.05 
mm, or 0.002 in. deep) and generate the 
required cutting geometry and edge quality. 

Because PCD is extremely hard, grinding 
can present a problem. For shank-type 
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Fig. 7 Жекше of four sintered polycrystalline products. (o) Syndite PCD. (b) Syndax3 PCD, (c) Amborite 


PCBN. (d) DBCSO PCEN 


tools, it is advisable to use rigid tool and 
cutter grinders with reciprocating wheel- 
heads and facilities to tilt the head so that 
the necessary clearance angles can be cre- 
ated (Ref 6). Where larger quantities of 
indexable inserts of a standard size are 
required, indexable insert grinders suitable 
for grinding PCD and PCBN are available 
(Ref 7). 

Many grinding wheel manufacturers now 
produce wheels developed especially for 
grinding PCD. Vitreous-bond. metal-bond, or 
resin-bond wheels have all proved successful. 
‘There is, however. no consensus on which 



































Table 1 Mechanical, physical, and thermal properties of PCD, PCBN, and 
other tool materials 
Compressive Fracture 
ce Density al strength toughness Knoop hardness 1 
той material ше! me! бра орех" MPV уй б psi x 10" 
АО енене 39] 0244 4.00 0.580 23 Zn 16 23 
АО, + TIC 428 0267 450 без IMO 3.01 " 2.5 
Sion ........ 3.20 0.200 3.50 0.508 5.00 4.55 13 1.9 
Tungsten carbide (K 10). 14.70 0.918 4.50 0.653 10.80 9.83 13 r9 
РСВМ(а) (Amborite) 3.0 0.195 3.80 0.551 6.30 Sn 28 41 
PCD(b) (Syndax3) $ 3.43 4.74 0.687 6.89 6.27 50 73 
PCD(c) (Syndite 010). 4.12 7.60 1.102 $80 ЕШ E 73 
Single-crystal diamond ... кє 3-52 8.58 1.244 140 3.09 57-104 К.2-1< 1 
PCBN(d) (DBCSQ) 4.28 3,55 0.515 3.70 3.37 28 44 
Coefficient 
‘Young's Modulus of thermal 
modulus of rigidity Bulk modulus, Poisson's expansion, | Thermal conductivity —] 
Tool Material Ga psi x10" GPa psi х МЁ GPa psi x M^ ratio, v Wm-K Bin- ho" 
АО; ..... 239 S 193 2 мз 32 024 850 227 11 
АО, + TIC 370 54 160 2 2232 33.6 0.22 7.80 16.7 9.65 
Sialon 300 44 "7 9 227 529 0.28 320 20-25 12-14 
Tungsten carbide 
(кї) 620 90 258 37.4 375 44 0.22 5.00 100 5к 
PCBNGJ 
(Amborite) 680 99 279 404 405 587 0.22 4.90 100 58 
PCDtb) (Syndax3) 925 134 46 Ыы 372 54.0 0.086. 3.80 120 69 
PCDI) (Syndite 
em... aoe AO) nz 363 $2.6 301 43.7 0.07 4.20 560 323, 
Single-crystal 
diamond 1141 165 553 80.2 442 641 0.07 1.50-4.80 500-2000(c1 


PCBN()(DBCS0).. SN7 85 ом 4412 254 


290-1 160(b) 
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368 01% ало E 


(a) Solid PCHN. (6) Solid, thermally stüble PC used mainly in mining applications. (c) Layered PED. (d) Layered PCD with lowered 


nd perfection 





CBN content. (e) Depending on crystal orient 





wheel type is superior. For rough grinding, it 
is common to use a resin-bonded wheel con- 
taining 320/400 U.S. mesh Micron CDA at 
100 or 125 concentration. For finishing, vitre- 
ous-bonded wheels containing 8 to 16 pm (300 
to 600 pin.) or finer CDA grit, or metal- 
bonded wheels containing MDA at а concen- 
tration of 100, are often used (Ref 8). 

In grinding PCD, the G ratio (that is, the 
ratio of the volume of workpiece removed to 
the volume of wheel lost) is very low because 
of the hardness of PCD. When diamond 
wheels are used to grind tungsten carbide, 
they give typical G ratios on the order of 30 to 
50), However, G ratios achieved in the grind- 
ing of PCD arc often only 0.01 to 0.02; that is, 
the wheel wears away 50 to 100 times faster 
than the tool being ground. A typical stock 
removal rate with a 6A2 wheel grinding small 
PCD tools is approximately 0.5 mm/min 
(0.00003 in."/min). 

Electrical Discharge Grinding. A num- 
ber of manufacturers have introduced ma- 
chines in which a conventional abrasive 
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A The etched microstructures of the four grades of Syndite PCD. (o) Syndite 025. (b) Syndite 010. (c) 
Fig. 9 
9. 9 Syndite 002. (d) Syndite 002C. All 1000% 


cutting is often used to form the cutting 
edge. To avoid the development of unac- 
ceptable stresses, it is recommended that 
pieces be preshaped before brazing. These 
are then brazed into the cutter body and 
finish cut to the required profile. A final 
trim cut at a low power level and low cutting 
speed. in which the wire barely penetrates 
the PCD, produces the final cutting edge 
with negligible EDM damage. 

Polishing. The majority of toolmakers in 
the world now generally supply tools with 
the top face polished to a mirror finish. This 
improves the flow of chips across the face 


grinding wheel is re| ed by a graphite 
wheel, and an electrical discharge is struck 
between the wheel and the tool (see the 
article "Electrical Discharge Grinding" in 
this Volume). These rotary EDM, or elec- 
trical discharge grinding, machines have the 
advantage that a profiled graphite wheel can 
be used to produce similarly profiled tools 
(Ref 9). Because there is no physical con- 
tact and consequently no grinding force. 
very delicate or complex tool forms can be 
created. For tool forms in which long cut- 
ling edges are required (for example, in 
woodworking profile cutters), wire EDM 








Table 2 Alloys suitable for brazing carbide-backed PCD 


of the tool during machining, achieves @ 
sharper and more chip-free edge. and fur- 
ther improves the ability of PCD to resi 
the formation of a built-up edge. In addi- 





tion, polished tools are cosmetically attrac- 
tive. 


At present, it is usual practice to lap the 


table of the smaller individual blanks before 
tool fabrication takes place (Ref 10). How- 


ewer, it $e becoming increasingly common 
for both toolmakers and blank manufactur- 
ers to polish the large blanks before cutting. 


Wear Resistance 

In simple abrasive-wear situations, PCD 
is significantly more wear resistant than any 
other cutting tool material. PCD is approx- 
imately 10 times more wear гі sistant than 
PCBN and 100 times more wear resistant 
than cemented tungsten carbide. 

The relative wear resistance of PCD. in 
comparison with conventional tool materi- 
als such as ceramics or tungsten carbide and 
high-speed steel, for example, can be dem- 
onstrated by conducting turning tests on an 
abrasive workpiece material (Ref 11). The 
results of cutting tests at various cutting 
speeds on an abrasive silica flour filled 
epoxy resin FER) workpiece are given 
in Fig. 10. It can be seen t or a tool life 
of 1.0 min to produce à flank wear of ( 
mm (0.012 in.). the various tool mate! 
must be used at the cutting speeds summa- 
rized in Table 3. 

Theoretical relationships have been de- 
rived relating wear resistance to fracture 
toughness, Young's modulus, and hardness 
(Ref 12). One such equation is: 


W, = Ky eme mm 


where W, is the wear resistance figure of 
merit, Ky is the fracture toughness 
(MPa Vm. or ksiVin.), E is Young's modu- 
lus (GPa. or !0^ psi), and H is Knoop 
hardness (GPa, or 10^ psi). 

Using the mechanical property informa- 
tion given in Table 1. wear resistance fig- 
ures of merit (W,) can be calculated. These 
are given in the last column of Table 3. 

It can be seen that this ranking is very 
similar to that of the cutting speeds required 
to give a 1 min tool life. However, this 


























Commercial designations or. = Solidus- —| pa pF d я} 

ММА) сайи allay "c F "c F he Cu Zn ca м Comments 

Easy-flo . Я 620 50 wb) w General purpose 

Easy-flo No. 2 . 608 2 tb) (b} (bi General purpose for tungsten 

Easy-flo Мо.3.....- LO 50 tb) (b) tb) ib) carbide and induction 
brazing 

S94 Ju cce ‚в 50 15 175 17.5 Brazing of carbide 

5009 645 50 15.5 155 16.3 3 

Easy-flo Ni 4 PEE OT 45 15 16 24 Torch brazing 

Easy-flo No. 3 Ф 5 632 50 15.5 15.5 16 3 Induction brazing 

AWS BAg-l К .. 605 as 15 16 4 i 

AWS BAg-3 ..- . * * 630 50 15.5 15.5 16 3 





ta} American Welding Society. (b) Proprietary 
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Fig. 10 иот (0.040 in.) feed rote 
= 0%; clearance = 6°; tool nose radius 
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ranking only applies in simple situations of 
abrasive wear. When cutting metal work- 
other wear mechanisms, such 





dominant. For exa 
are particularly good hee ҮР the nick- 
el-base superalloys, but PCBN or PCD 
wear rapidly on this class of material, de- 
spite the fact that they are significantly 
harder. It is essential, therefore, to select 
the correct tool material for each type of 
workpie: 

Wear Resistance of Specific Grades. 
The relative wear characteristics described 
below refer to three grades (2 jum. 10 pm, 
and 25 рт particle size) of Syndite, a com- 








228 3280 





Fine grain PCD 
(Syndite 010) 








Abrasion resistance of PCD, PCBN, ond other cutting tool materials. Machining porameters: depth of 
0.32 туге» (0.013 in./rev); approach angle = 45°; top rake 
0.8 mm (0.030 in. ); dry, no coolant. Workpiece: silica flour filled epoxy 


mercially produced layered PCD. ‘The dis- 
cussions do not include the newer chip- 
resistant grade (Syndite 002C), which is 
intended only for specific applications in 
woodworking in which toughness. rather 
than long tool life, is required. The relative 
wear resistance of the various grades of 
PCD can easily be assessed with turning 
tests on heavily loaded silica flour filled 
epoxy resin workpieces, as mentioned ear- 
lier. Figure 11 shows the progress of flank 
wear with time under the machining condi- 
tions indicated. It can be seen that the rate 
of wear decreases as the grain size of the 
PCD increases. A similar trend is observed 
when machining high-silicon aluminum al- 
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Table 3 Cutting speeds required 
to produce a 1 min tool life on 
silica flour filled epoxy resin 











Cutting speed. 

Tool material mimin — sm — Wi 
White ceramic (AIO) 2 (6 076 
Tungsten carbide (ISO KOS),.... 7. — BO 073 
Sialon w w оя 
Bla amic (ALLO, + TIC) м ж 092 
PCBN (Amborite) s N) 260 — 207 
PCD (Syndite grade 010). 1000 3300 338 


Ja) Wy. wear resistance figure of merit 





loys (Fig. 12). The differences between the 
grades, however, are less marked. 

The coarser grades of PCD give a longer 
tool life, but the finer grades have a better 
edge quality and permit a higher quality of 
surface finish to be produced on homoge- 
neous workpiece materials. If long life is 
required, coarser grain size PCD should be 
selected. However, long tool life may have 
to be sacrificed if a better surface finish is 
required. For most applications, 10 pm av- 
erage particle size would be considered the 
general-purpose tool. 





Tool Geometries 

Metals machined with PCD tooling arc 
primarily aluminum and copper and their 
alloys. These are relatively soft, and posi- 
tive cutting geometries are required. Typi- 
cally, top rakes of 16° and clearance angles 
of +6” are common. Nose radii usually lie in 
the range of 0.2 to 2.0 mm (0.008 to 0,080 
Some attempts have been made to 
generate chipbreakers in the diamond layer, 
but the difficulties of doing this have pre- 
vented their wide eptance. 

Machining Nonmetals. Soft, nonfibrous 
workpieces, including abrasive flour-filled 
plastics and hard, fibrous materials such as 
glass fiber reinforced plastics do not require 
a true cutting action, and 0° top rakes with 
5° to 6° clearance angles аге used. This 
geometry gives a stronger cutting edge and 
improved wear characteristics, in compari- 
son with more positive geometries. 
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11] Tool life comparison for three PCD grades. Machining parameters: 

= 400 m/min (1300 stm); feed rate = 0.10 mm/rev (0.004 
1.00 mm (0.040 їп. ); tool nose radius = 0.8 mm (0.030 in. 
dry, no coolant. Workpiece: silica flour filled epoxy resin 





(0.004 in./rev); 








Cutting time, тиг 


12 Too life comparison for three PCD grades. Machining parameters: 
cutting speed 
depth of cut = 0.25 mm (0.010 in.); tool radius = 0.8 mm (0.03 in.); 


0.10 mmírev 





1000 m/min (3300 sfm): feed rate 


dry, no coolant. Workpiece: Al-18Si 
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Soft, fibrous materials, such as carbon 
fiber or Kevlar, for example. require posi- 
tive-rake tooling (top rake $° to 6°, clear- 
ance 5° to 6°), because it is necessary to cut 
the fibers cleanly to prevent ripping of the 
cut surface. 

Hard materials, such as stone or sintered 
tungsten carbide, must be cut with negative- 
rake cutting geometries (top rake —6°, 
clearance —6°). Here edge strength is essen- 
tial to counteract the high cutting forees that 
develop. and tools with large nose radii 
should be used. 





Machining Parameters 

In many situations, PCD tooling will be a 
substitute for cemented carbide tooling. 
PCD cutting tools can provide much longer 
tool life, better finishes. and higher cutting 
speeds and feeds than carbide tooling. 

Speed, Feed, and Depth of Cut. The 
machining parameters for carbide tools are 
usually a useful starting point for PCD cut- 
ting speeds and feed rates. Under these 
circumstances, tool lives should increase by 
a factor of 50 to 200 times. Details of typical 
machining parameters for turning and mill- 
ing operations in the major application areas 
for PCD are given in Table 4. 

Coolants are generally used in machining 
metals to aid the cutting action, maintain 
uniform temperatures. and assist swarf re- 
moval, When aluminum alloys are cut with 
carbide tools, there is a tendency for a 
built-up edge to form, due to the affinity 
between aluminum and cemented carbide. 
Traditional palliatives used with carbide 
tools have included high tool-rake angles, 
polished tool tables, and highly polar cut- 
ting fluids. With PCD tooling, there is little, 
if any, tendency for bonding of the alumi- 
num to the tool. and it is, therefore, possible 
to use simple white water (oil-in-water 
emulsions) as a cutting fluid. Experiments 
with lubricants rather than coolants have 
indicated little, if any. benefi 

Many of the nonmetallic materials on 
which PCD is used are porous (for example, 
wood particleboard), and these would be 
damaged by a cutting fluid. In these situa- 
tions it is essential to machine dry. al- 
though, with these thermally insulating ma- 
care must be taken to prevent 

cessive heat buildup in the tools, which 
could lead to the melting of brazed joints. 























Applications 

Polycrystalline diamond cutting tools can 
be used only on nonferrous workpiece ma- 
terials, but there are many situations in 
industry in which cemented tungsten 
bide tooling can simply be replaced by 
PCD. In most situations. the extended tool 
life more than compensates for the in- 
creased tool costs. In others, PCD is often 
the only tool which can successfully cut the 
materials to be machined. In mirror or gloss 
finishing of aluminum or plastic compo- 











Table 4 Typical machining parameters for PCD tooling 
































Cutting speed Feed rate Depth of cut 
Workpiece materia | min m 1 тше uw d ж сш 
alloys. copper. brass. 
and their alloys . * 300-1000 980-3300 0.05-0.5 .002-0.020. 19.0 0.400 
Sintered tungsten carbide (using 
9.5 mm, or 0.37 in., rounds). 10-30 33-100 0.1-0.2 0.004-0.008 080 
Green tungsten carbide ......- 50-200 165-650 0.1-9.5 0.004-0.020 70200 
s and carbon fiber reinforced 
P verses seals. 100-600 330-2000 0.05-0.5 0.002-0.020 0.080 
100-500 330-2000 30,2 = 0,008 E 
500-3000 1650-10 000 — 0.1-0.5(a) 40.004-0.020 (5) 50 50,200 
200-1000. 650-3300 0.1-0.<а) 00004—0.0200) zn 0.080 
2000-3000 6500-10 000 15-200) 0.0604) ОЬ). S180 0.600 








nents. however, single-crystal diamond 
tools may be necessary because it may not 
be possible 10 obtain a sufficiently high- 
quality edge with PCD. 

The major applications of PCD tools in- 
clude the machining of: 





€ Aluminum and its alloys (Ref 13), partic- 

ularly the aluminum-silicon alloys used in 

the automotive industry (Ref 14-16) 

Copper (Ref 17) and brasses (Ref 18, 19) 

Plastics (Ref 20-23), flour-filled resins 

(Ref 24), and SiC-filled nylons 

Granites (Ref 25, 26), synthetic marble 

and synthetic stone 

Fiber-reinforced plastics and laminates 

sul carbon fiber, Kevlar, s fiber 

reinforced tics (Ref 27-32), and print- 
ed circuit board laminates 

е Wood and wood-base products, particu- 
larly particleboards (Ref 33-36), medium 
density fiberboard (Ref 37), plastic- 
coated and laminated boards (Ref 38, 39). 
cement-fiberboards, and abrasive solid 
hardwoods (Ref 23, 40) 

* Ceramics, including green ceramics. un- 
fired clays (Ref 41), and some fired ce- 
ramics 

e Tungsten carbide, for example, green 
tungsten carbide and sintered tungsten 
carbide with high (71257) cobalt content 
(Ref 42) 



























In all of these applications, the tool life of 
PCD tools is approximately 50 to 100 times 
greater than that obtained with tungsten 
carbide cutting tools. 

Woodworking. PCD use in woodworking 
has grown rapidly in the last few years. This 
growth has been stimulated by the in- 
creased use of synthetic board materials for 
modern furniture and encouraged by the 
recent availability of much larger pieces of 
PCD, from which tools with long cutting 
cdges can be made. 

Modern composite board materials are 
made from wood particles of a controlled 
size and character. held together with a 
resin adhesive. Boards may be surfaced 











with plastic laminates or natural-wood ve- 
neers (bonded with abrasive resins), but the 
abrasive nature of the composite is often 
compounded by hard particles of sand or 
other inclusions in the interior of the board. 

The most common cutting techniques 
used in the woodworking industry are saw- 
ing (with circular saws) and routing. Both 
operations lend themselves readily to the 
use of cutting tools tipped with PCD inserts. 
The major benefits of PCD are increased 
accuracy of cut, fewer tool changes, and 
overall reduced machining costs 

In volume production situations, large 
cost savings can be obtained with PCD saws 
in comparison to carbide tipped saws, even 
though circular saws tipped with PCD may 
necessitate a heavy financial investment at 
the outset. Because PCD saws cut very 
freely, some tool manufacturers tip only a 
percentage of the teeth with PCD. Besides 
reducing tool costs, it is thought that the 
carbide teeth blunt rapidly during use, re- 
sulting in an additional cutting force that 
aids blade stability. 

One problem with PCD saws used in 
woodworking is that, should a tooth be 
chipped during use, it becomes necessary to 
regrind all the teeth on the saw. This can be 
an expensive and time-consuming opera- 
tion. For this type of situation, a more 
chip-resistant grade of PCD should be used. 
This newly developed grade of Syndite 
(0020). although slightly less abrasion re- 
sistant than the other grades discussed 
above. has an increased toughness and is 
easier to cut by electrical discharge machin- 
ing. 
Wear-Resistant Parts. An increasingly 
important use of PCD is for wear-resistant 
contact faces in measurement. probes and 
bearing support surfaces. An early applica- 
tion in which the properties of PCD provid- 
ed a solution was in sliding calipers and 
micrometer spindles. The requirements 
were for polished surfaces with a surface 
finish of 0.2 ит (8 pin.) R, and for the PCD 
to be plane parallel to less than 2 pm (80 
шіп.) on opposite measuring faces. Such 




















components are produced not only with flat 
working faces, but also in shapes contoured 
to the shape of the component. 

A typical application of this type of wear- 
resistant gage part is for the contact faces of 
micrometers used to measure the diameter 
of diamond honing sticks. Because of the 
abrasive nature of the surfaces being mea- 
sured, cemented-carbide gage surfaces had 
to be replaced every few months. Microme- 
vers fitted with PCD contact faces can guar- 
antee accurate readings over periods of 
more than 1.5 years. 

In addition to the benefits of this simple. 
essentially stationary, contact type of wear 
surface, PCD has shown significant advan- 
tages over tungsten carbide in situations in 
which precision components are subjected 
to sliding wear. An example is the use of 
PCD to form the work guides of centerless 
grinding rests and V-guides. In this type of 
application the life of carbide guides be- 
tween regrinds is typically 18 h, whereas the 
life obtained with PCD is some 40 times 
greater, at approximately 700 h. Even great- 
er improvements can be obtained by lapping 
and polishing the PCD to a flatness of 1 pm 
(40 pin.) and a surface finish of 0.1 pm (4 
pin.) R,. Lives in excess of 2000 h have 
been reported. 

Another application is the use of PCD as 
steady rests When machining the ends of 
crankshafts. During precision machining, 
the crankshaft is supported and spun on 
four steady rests, each fitted with two 
halves of a 12.7 mm (0.5 in.) diam disk of 
PCD. In this way, precision machining can 
be ensured over long production runs ex- 
tending over many months. 




















Polycrystalline Cubic Boron 
Nitride Cutting Tools 


Polycrystalline diamond cutting tool ma- 
terials from different manufacturers have 
essentially the same application areas, al- 
though some may perform better than oth- 
ers, Similarly, there are a number of PCBN 
cutting materials on the market. With 
PCBN, however, there are a greater num- 
ber of different formulations than is the case 
with PCD. Each manufacturer uses differ- 
ent second-phase materials, particle size 
distributions, and CBN grit concentrations 
(Ref 11). Therefore, it is not easy to gener- 
alize on mechanical properties, tool fabrica- 
tion techniques. and machining perfor- 
mance of the various grades. However, two. 
broad categories of application can be de- 
fined: 


* Rough machining of hard ferrous materi- 
als, particularly hard cast irons with hard- 
nesses in the range of 45 to 65 HRC, and 
with depths of cut between 0.5 mm (0.020 
in.) and 8 mm (0.315 in.) 

* Finish machining of hardened compo- 
ments, typically tool steels or surface- 





hardened irons, with depths of cut below 
0.5 mm (0.020 іп.). and typically 0.2 mm 
(0.008 in.) 





Rough machining of hard ferrous materials 
requires high CBN content tools, while fin- 
ishing operations are performed more effec- 
tively when PCBN cutting tools have a 
lowered CBN content. High CBN content 
tools are not suited when depths of cut are 
fess than 9.5 mm (0.020 in.). 


Tool Fabrication 

Like PCD, PCBN is produced in the form 
of a master blank, which is then cut into 
smaller blanks before being ground to the 
d form. However. cutting solid PCBN 
into smaller blanks requires laser cutting, 
not wire EDM cutting, because solid PCBN 
has a very low electrical conductivity. A 
layered PCBN format (on WC) is electrical- 
ly conductive and can be cut by wire EDM. 

Cutting tools of PCBN, like those of 
PCD, are available in either the layered or 
solid format. PCBN blanks in the layered 
format have thicknesses up to 4.8 mm (%6 
in.) and are brazed to carbide tool shanks or 
indexable inserts. The solid PCBN product 
has a standard thickness of 3.18 mm (0.12 
in.) and is ground to form indexable inse 








Toolholders for 
Solid PCBN Inserts 

With solid PCBN inserts, it is important 
that high-quality toolholders be used. In 
particular, it is recommended that tungsten 
carbide support shims be used to prevent 
unnecessary insert breakage. Also, solid 
PCBN inserts should be lapped so that they 
are very flat and smooth. 
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А Teolholder for solid PCBN inserts, Tool- 
Fig. 13 коде consists of a solid ground carbide 
support shim and a tungsten carbide face clamp. 


Adequate mechanical and thermal sup- 
port can be provided by the shim only if itis 
flat and clean and offers as large a contact 
area as possible, Surface-ground rather than 
lapped shims should be used. because lap- 
ping can produce a slightly domed surface. 
In some toolholder designs, the philosophy 
of having as large a contact area as possible 
has been pushed to the limit by using car- 
bide shims that are brazed to steel sub- 
shims. The steel subshim is drilled and 
tapped from beneath, to permit the shim 
assembly to be fixed to the toolholder from 
below without the usual central fixing 
screw, 

Toolholders should also have adequate 
top clamps capable of coping with aggres- 
sive service conditions. One particular 
problem that may occur is erosion of the 
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Fig. 14 Relative weor resistance of Amborite and DBCSO. (o) D3 cool-worked tool steel at 60 HRC. (b) Bearing 
ig. steel at 60 HRC. (c) M2 high-speed steel at 62 HRC. (d) Hot-worked die steel at 50 HRC. Machining 


parameters: cutting speed = 120 m/min (395 sfm); depth of cut 


(0.004 in./rev); dry, no coolant 


0.25 mm (0.010 in.); feed rate — 0.1 mm/rev 
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Fig. 15 100! life versus cutting speed for PCBN 
g. and tungsten corbide. Machining param- 


eters: depth of cut = 2.0 mm (0.080 in.); feed rate = 
0.3 mm/rev (0.012 in./rev); dry, no coolant. Workpiece: 
Ni-HARD 2C 


clamp by swarf. This type of problem can 
be overcome by facing the clamp with tung- 
sten carbide or coating it with a hardfacing 
alloy. A toolholder that has the features of 
both a solid, ground carbide support shim 
and a carbide face clamp is shown in Fig. 
13. 


Wear Resistance 


The wear resistance of PCBN tools dur- 
ing finishing operations can be increased by 
reducing the CBN content of the tool. Fig- 
ure 14, for example, compares the flank 
wear of a roughing-grade and a finishing- 
grade PCBN tool. The finishing-grade tool 
(DBC50) with a lowered CBN content has a 
wear resistance three to five times higher 
than that of the roughing grade (Amborite) 
with a higher CBN content. 

For some workpiece materials, 
in cutting speed result in increase: 
life (sce the discussion in "Machining of 
Gray Cast Iron" in this article). For other 
materials, such as hard martensitic 




















Table 6 Typical machi 
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T Speed 1 Feed Depth of cut 
Material Hardness mimin sfm тите in/mim отш m. 
Cold-work tool steel: 58-60 НЕС 100-200 330-650. m 0004 — 03 об? 
High-speed steels . 60-65 НЕС 100-200 0-650. 01 0004 02 OAK 
Hot-work die steels. 47-50 HRC — 100-200 330-650 9.1 0004 03 012 
Bearing steels . . - 55-60 НКС 100-200 330-650 0.1 0.004 — 03 0012 
Case-hardened steels 55 HRC 100-200. 330-650 0.1 0.003 — 02 ой 
Hard facing alloys 4 200-259 650-820 01 (00 — 03 0012 
Gray cast irons... 500-800 — 1650-2600 01 ою 0з 0012 
Sintered irons W0 чуй) 01 оом 02 буй 
High tensile steels 45-50 HRC — 100-200 330-650 9.1 ом — 03 ой? 





irons, increases in cutting speed result in 
the decrease of tool life (Fig. 15). 


Tool Geometries 

The available shapes of solid PCBN in- 
serts are rounds, squares, triangles, and 
rhombuses. Various corner radii are ava 
able, and edges сап be chamfered to in- 
crease edge strength. The standard chamfer 
(k-land) of the Amborite solid PCBN insert 
is 0.2 mm (0.008 in.). Edges are also honed 
to 20 jm (800 pin.). The Amborite insert 
has a thickness to fit standard negative-rake 
toolholders. 

Layered PCBN inserts include 13 mm (^ 
in.) inscribed-circle triangles in both posi- 
tive-rake and negative-rake styles. In addi- 
tion, layered PCBN inserts also include 13 
and 16 mm (# and % in.) squares and 
rounds with negative rakes and indexable 
inserts tipped with 5 and 7 mm (0.20 and 
0.28 in.) side length triangles. 








Machining Parameters 

When finishing with PCBN, cutting 
speeds should be higher than when using 
roughing grades of PCBN tooling. Table 5 
suggests some initial conditions for machin- 


ing various materials with the finishing- 
grade PCBN tool (DBCS0). Table 6 summa- 
rizes some machining parameters for the 
major applications of a roughing-grade 
PCBN tool (Amborite). 

Coolants are not generally required for 
rough machining and are not recommended 
for milling. Although finishing operations 
can be carried out dry, use of a flood 
coolant is recommended. Coolant in finish- 
ing operations slightly improves tool life 
(Fig. 16). 





Rough Machining Applications 

Turning of Martensitic Cast Irons. Hard 
martensitic cast irons may be produced by 
chilling during casting or by alloying with 
nickel and/or chromium (Ref 44). This class 
of material typically has hardnesses of 50 to 
60 HRC and is used for its abrasion resis- 
lance as liners for solids-handling pumps. 
coal and ore crushing equipment, and mill 
rolls. 

Before the introduction of PCBN cutting 
tools, this type of material was machined by 
grinding or cut at very slow cutting speeds 
using carbide tools. PCBN cutting tools 





ing parameters for machining with a roughing grade (Amborite) PCBN tool 




















T Speed T Depth of cut — Fed - 

Workpiece material Hardness ! mimi. sim ! =m in. mm/rev indrev Comments 

Turning 

Ni-HARD........ 58 HRC 50 165 25 олю 0.38 0.014 Round chamfered inserts preferable 

White/chill cast iron SSHRC 600 200-330 20 0.080 °з 0.016 Round chamfered inserts used 

High-speed steel 62 HRC 60-120 200-390 20 0.080 0.2 0.008 Interrupted cuts not possible 

Cold-work tool steel. . в HRC 80 260 20 0.080 0.25 ооо 

Nickel/chromium irons 58 HRC 55 180 2.0 0.080 9.3 0.012 

Gray cast iron 220 HB 600-800 2000-2620 01-20 10.004-0.00 0.1-0.4 0.004-0.016 High cutting speeds and correct 
workpiece microstructure. 
essential 

Sintered iron 200 HB 300 980. 05 0.020 94 0.004 

Cobalt-base hard facing alloys *35 НЕС 200-250 650-820 10 0.040 0.25 0.010 Feed and speed must not be too 
low; Not all alloys сап be 
machined successfully 

Milling 

Meehanite. 55 HRC о эво 05 0.020 osa 0.0200) Round chamfered inserts (roughing) 
used 

Ni-HARD 58 HRC 200 650 10 0.040 025) 04100) Round chamfered inserts (roughing) 

d 
Cold-work tool steel. 60 HRC 180 590 1.0 0.040 б.а) 0.0080) 
Nickel-base hard facing alloys. z35 НЕС 220 720 es 0.020 0.32) 0.012) 





(а) mavtooth, (В) intontb. Source: Ref 43 
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Effect of coolant on the flank wear of PCBN tools after 20 min of cutting. Machining parameters: cutting 
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Fig. 17 Microstructures of ferritic ond pearlitic cast irons. (a) Ferritic gray cost iron. (b) Peorlitic gray cast iron 
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Effect of cutting speed on PCBN tool life when machining gray cast iron. Machining parameters: feed 
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Table 7 The effect of 
microstructure on machinability 
when using conventional cutting 
tool materials 











Brindi Тәй fe 
Matris microstructure hardness, HB index 
Ferrite = 120 20 

# ferrite + 50% pearlite 150 10 
Coarse pearlite > . 195 2 
Medium pearlite 215 Ls 
Fine pearlite. 28 1 
Fine pearlite + 50% free ferrite 240 03 


Source: Ref 63 





permit significant improvements in stock 
removal rates and production rates (Ref 45). 

Because of their greater geometric 
strength, round chamfered inserts should be 
used whenever possible to machine hard 
cast irons. This is particularly important 
when "black" castings are being machined, 
that is, those requiring machining through 
the casting skin. 

A comparison of tool life for Amborite 
PCBN (RNMNI20300T inserts) and tung- 
sten carbide (KI0) tools when machining 
Ni-HARD 2C at a feed rate of 0.3 mm/rev 
(0.012 in./rev) and a depth of cut of 2.0 mm 
(0.080 in.) is shown in Fig. 15. It can be seen 
that while Amborite gives a 30 to 60 min 
tool life over a speed range of 55 to 40 m/ 
min (180 to 130 sfm), the cemented carbide 
gives a similar useful life over the much 
lower speed range of 10 to 20 m/min (33 to 
65 sfm). Above 20 m/min (65 sfm), the 
carbide tool life decreases rapidly, as fur- 
ther increases in cutting speed cause rapid 
softening of the tool tip. 











There are many examples of the use of. 


Amborite for general stock removal on 


white cast iron cited in the literature (Ref 


25, 46-56). With RNMNI20300T inserts, 
stock removal rates of the order of 40 to 50 
mm? x lü*/min (2.5 to 3.0 in."/min) can be 
achieved without difficulty on stress- 
relieved castings. This stock removal rate is 
approximately five times faster than can be 
obtained with carbide tooling, and the re- 
sultant increase in production rate is the 
major factor that compensates for the in- 
creased tool costs. Secondary benefits are 
longer machine tool life and closer toleranc- 
es, because cutting forces are significantly 
lower than with carbide tooling. It has also 
been found possible to thread Ni-HARD. 
and one particular example relates to inter- 
nal threading of pump impellers (Ref 57). 
Machining of Hardened Tool Steels. 
The rough machining of hardened tool 
steels (45 to 65 HRC) is not a common 
application for PCBN cutting tools, because 
tool steels are usually rough machined in 
the soft state before hardening. In certain 
situations, however, it is convenient to be 
able to rough machine in the harden 
such as when it is necessary to refurbish 
components or correct a mistake (Ref 58). 
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Fig. 19 The appearance of a worn PCBN cutting edge after machining 2800 gray cast iron engine block bores 


The remachining of rolls in the steel or 
paper industries or the removal of worn 
threads from thread rolling dies (Ref 59) are 
other examples. More recently, there has 
been some work carried out with PCBN 
cutting tools. particularly in the bearing 
industry, to assess production economics of 
both rough and finish machining in the 
hardened state (Ref 60, 61). 

As with rough machining of hard irons, 
round, chamfered, indexable inserts should 
be used whenever possible. Cutting speeds 
will generally be in the range of 50 to 100 m/ 
min (165 to 330 sfm). and, with round in- 
serts, depths of cut and feed rates of up to3 
mm (0.120 in.) and 0.3 mm/rev (0.012 in./ 
rev), respectively, are possible on 60 HRC 
tool steels. 











Fig. 20 


iron roll 


feed rate = 0.7 mm/rev (0.028 in./rev); depth of cut 


Machining of Hardfacing Alloys. High- 
er cutting speeds than those used for cutting 
hard irons or steels are required for machin- 
ing hardfacing alloys. This is particularly 
true for the more temperature-resistant CO- 
balt-base materials. For these alloys, cut- 
ting speeds in the range of 200 to 250 m/min 
(650 to 820 sfm) are generally recommend- 
ed. Because of the work-hardening nature 
of these materials, feed rates should not be 
less than 0.2 mm/rev (0.008 in./rev). Round, 
chamfered PCBN inserts should be used 
whenever possible, and the depth of cut 
should be sufficient to enable the tool to 
penetrate the solid underlying material. 
thereby avoiding the interruptions and dam- 
aging abrasiveness of the as-cast or as- 
deposited alloy skin (Ref 62). 








Rough machining with a solid PCBN insert. Machining parameters: cutting speed ~ 50 mimin (165 stm); 


В mm (0.315 in.). Workpiece: 58 HRC white 


Little success has been achieved with the 
machining of the iron-base hardfacing al- 
loys. The reactivity of PCBN with the soft 
(nonmartensitic) phases of iron should be 
borne in mind, even when machining nickel- 
base and cabalt-base grades applied to steel 
parent bodies. Often the machinability of 
the deposited layer can be reduced by the 
diffusion of iron from the base material. 

Interrupted cuts can usually be tolerated 
in the nickel-base materials, given both a 
substantial component and a rigid machine 
tool. However, the milling of cobalt grades 
is more difficult because these alloys are 
particularly heat resistant. Rough machin- 
ing of hardfacing alloys is typically done 
dry. 

Machining of Gray Cast Iron. With hard 
ferrous materials, hardness is generally re- 
garded as a reasonable guide to machinabil- 
ity. With gray cast irons, however, micro- 
structure is a more fundamental indicator. 
A reduction in the free ferrite content or a 
refining of the pearlite lamellar spacing re- 
duces the machinability of gray cast iron 
(Table 7). 

Unfortunately, the specifications for crit- 
ical components in the automotive industry, 
such as brake disks, usually require irons 
with a minimal ferrite content and a rela- 
tively fine pearlite spacing. Machinability. 
therefore. can be a problem, and high ma- 
chining costs and production losses due to 
frequent tool changes can be significant. 

PCBN cutting tools have been found to 
work well on gray cast iron, provided two 
important criteria are fulfilled: 


























e The microstructure should contain little, 
if any, free ferrite; that is, it should be 
fully pearlitic 

e The cutting speed should be in excess of 
500 m/min (1650 sfm) 


Comparative microstructures of a ferritic 
and fuily pearlitic gray cast iron arc shown 
in Fig. 17, The ferrite is seen as white areas 
often associated with the graphite flakes, 
This pha ly reactive and produces 
apid wear on PCBN tools. 

The formation of a fully pearlitic micro- 
structure is mainly dependent on chemical 
composition and cooling rate. Chromium 
and copper are pearlite formers. while mo- 
lybdenum tends to decrease lamellar spac- 
ing. Cooling rates depend on both the com- 
ponent cross section and the casting 
technique. As a general rule, castings which 
cool quickly and have a small cross section 
show less tendency for the formation of free 
ferrite. However, if cooling rates are t00 
rapid, chilling can occur, and hard white 
iron and intercellular carbides can form. 
With conventional tools this can be cata- 
strophic, but the high toughness and abra- 
sion resistance of PCBN tooling permit it to 
cope easily 

The importance of cutting speed in ma- 
chining gray iron with PCBN cutting tools is 
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Fig. 21 Feed-to-failure for solid PCBN ond other tool materials when milling D3 steel (58 HRC) 


al ceramic cutting tools (such as mixed 
ceramics and Sialons), which show a reduc- 
tion in tool life with increases in cutting 


shown in Fig. 18. It can be seen that with 





Amborite, tool life increases with increasing. 
cutting speed. This differs from convention- 
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Fig. 22 TP<! applications of PCBN tools with a lowered CEN content. Use of PCBN inserts (DBCSO) in 
g. hardened steels (55 to 62 HRC). (a) Facing. (b) Copy turning. (c) Threading. (d) Grooving 
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speed. This surprising effect has been con- 
firmed both in independent laboratory trials 
(Ref 64) and in industrial situations. For 
rough machining. cutting speeds therefore, 
should be in excess of 500 m/min (1650 sfm) 
to obtain satisfactory tool lives. When 
PCBN tools are used for finish machining, 
speeds of 700 to 800 m/min (2300 to 2600 
sfm) are usually employed. Above 1000 m/ 
min (3300 sfm). solid PCBN begins to be- 
have like a conventional tool material in 
that its tool life decreases with further in- 
creases in cutting speed. 

Example 1: Cylinder Block Boring of 
Gray Cast Iron With PCBN. The bores of 
automotive cylinder blocks are generally 
rough-machined with carbide tools at rela- 
tively slow cutting speeds and then finish 
machined with conventional ceramic tool- 
ing before honing. The usual criteria for 
selecting the tool-changing interval in this 
operation is the surface finish of the bores 
and their deviation from roundness. Typi- 
cally, a maximum peak-to-valley height (Ry) 
of less than 20 jum (800 pin.) is required, 
and the out-of-roundness should not be 
greater than 30 шт (1200 pin.). 

The change from ceramic tools to Ambo- 
rite for cylinder block boring increased tool 
lives from 15 to 2600 bores/edge (Ref 65) 
The appearance of the Amborite cutting 
edge after machining 2600 bores is shown in 
Fig. 19. Similar results have also been ob- 
tained with brake machining (Ref 66). In 
this case, the finish and accuracy obtained 
on the major brake faces of the disk ai 
often of such high quality that the final 
grinding operation can be eliminated. 

Because of the extreme wear resistance 
of PCBN cutting tools, secondary benefits 
also arise. Tool wear compensations to 
maintain tolerances need be made only in- 
frequently, and dimensional variability of 
the components being supplied to subse- 
quent work stations is reduced conside 
ably. In transfer-line situations, savings can 
result from reductions in tool changing or 
stoppages for tool wear compensation. 

Rough machining of large workpieces, 
such as mill rolls, often requires stock re- 
moval rates that are greater than the rates 
achieved with the usual PCBN inserts. Mul- 
tiple insert toolholders have been designed: 
this enables two or even three inserts to be 
presented to the workpiece in a staggered 
formation. More recently, larger pieces of 
Amborite PCBN have become available. 
These large (equilateral) triangles permit 
cuts up to 8 mm (0.315 in.) deep. By using 
the long cutting edges of these larger inserts 
at shallow approach angles of 15° to 30°, 
high feed rates can be achieved cven 
through chromium iron rolls or the black 
casting skin of white cast iron (55 to 60 
HRC), Figure 20 shows the machining of a 
Ni-HARD iron roll with a solid PCBN in- 
sert. The stock removal rate is 280 тт? x 
10°/min (17 in.'/min). 
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Milling. The fracture toughness of solid 
PCBN inserts (shown in Table 1) enables 
PCBN tooling to be used successfully for 
rough milling operations on hardened irons 
(Ref 50, 67-69) and on some hardened 
steels. The relative toughness of various 
tool materials has been evaluated by run- 
ning fly-cutting tests on a block of D3 cold- 
work tool steel hardened to 60 HRC. The 
results of flycutting the face of a block 100 
mm {4 in.) long by 75 mm (3 in.) wide with 
a single 0.8 mm (0.03 in.) nose radius tool 
set in a 200 mm (8 in.) diam milling cutter 
head are shown in Fig. 21. In this test, the 
feed rate is increased by 0.1 mm/tooth 
(0.004 in./tooth) at each successive pass 
across the block, and the toughness of the 
cutting edge is determined by monitoring 
the feed rate at which fracture of the cutting 
edge occurs. It can be seen from Fig. 21 that 
the feed-to-failure for a solid PCBN insert is 
more than twice as high as that obtained 
from conventional ceramic cutting tool ma- 
terials. 





Finish Machining of 
Hardened Steels and Irons 

There are a great many situations that 
require finish machining operations to cor- 
rect the size and surface finish of hard 
ferrous materials. This is traditionally car- 
ried out by grinding. Typical examples are 
the grinding of tool steels, bearing steels, 
die steels, and high tensile ste: 
ening or the finish machining of induction- 
hardened iror surface-hardened irons. 
and some hardfacing alloys. 
ishing grades of PCBN cutting tools. 
which have a lower CBN content than do 
the roughing grades, are produced by sub- 
stituting a portion of the CBN with a ceram- 
ic. The slightly reduced toughness is not a 
disadvantage in finishing operations, and 
these composite grades provide a viable 
alternative to grinding. 

An example of a finishing grade PCBN 
cutting tool is DBCSO. Table 1 gives the 
mechanical and thermal properties of 
DBCS0, and Fig. 22 shows its use in facing, 
copy turning, threading, and grooving. Like 
other layered PCBN products. DBC50 is 
brazed to carbide tools or indexable inserts 
and then is ground to the required (usually 
negative) geometry. Chamfered edges (k- 
lands) can also be used to improve edge 
strength. Typically, these are 0.05 to 0.2 
mm (0.002 to 0.008 in.) wide at an angle of 
20° to 30°. 
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Metal Cutting and Grinding Fluids 


Elliot S. Nachtman, Tower Oil & Technology Company 


METAL CUTTING AND GRINDING 
OPERATIONS involve a complex set of 
Operating parameters, and the choice and 
effectiveness of a cutting or grinding fluid 
are determined by: 


* The design, rigidity, and operating condi- 
tion of the machine tool 

€ The speed, feed, and depth of cut 

• The composition. finish, and geometry of 
the cutting tool 

* The mode of fluid application 

© The geometry of the material to be ma- 
chined 

* Surface coatings 

* The composition, microstructure, and re- 
sidual stress distribution in the workpiece 


When properly applied, cutting fluids can 
incre: productivity and reduce costs by 
making possible the use of higher cutting 
speeds, higher feed rates, and greater 
depths of cut. The effective application of 
cutting fluids can also lengthen tool life, 
decrease surface roughness, increase di- 








mensional accuracy, and decrease the 
amount of power consumed as compared to 
cutting dry. 


Knowledge of cutting fluid functions. 
types, physical limitations, and composition 
plays an important role in the selection and 
application of the proper fluid for a specific 
machining situation. The functions. chemis- 
try, control, application. recycling, and dis- 
posal of cutting fluids will be discussed in 
this article. The health implications and 
biology of cutting fluids will also be dis- 
cussed. 


Functions of Cutting 
and Grinding Fluids 


Depending on the machining operation 
being performed, a cutting or grinding fluid 
has one or more of the following functions: 


© Cooling the tool, workpiece, and chip 

* Lubricating (reducing friction and mini- 
mizing erosion on the tool) 

* Controlling built-up edge on the tool 

* Flushing away chips 

© Protecting the workpiece tooling and ma- 
chine from corrosion 


The relative importance of each of these 
functions depends on the work material, the 


cutting or grinding tool, the machining con- 
ditions, and the finish required on the part. 

Grinding fluids perform several of the 
same functions as cutting fluids. Grinding 
fluids lubricate the grit/workpiece interface, 
thus reducing the generated heat and the 
power requirements for a given material 
removal rate. 

The primary difference between the fune- 
tions of grinding and cutting fluids is that 
lubrication is more important in grinding 
than in cutting. In metal cutting. most of the 
heat generated during the cutting operation 
is carried away in the chip. Relatively less 
heat is generated in the workpiece and the 
tool. In the case of grinding, however, most 
of the heat is retained in the workpiece. 
Therefore, lubrication becomes more im- 
portant for grinding fluids than for cutting 
fluids. 

Cutting Fluids. Two functions of cutting 
fluids include lubrication and cooling so that 
the frictional forces and temperature are 
reduced at the tool/workpiece interface. In 
high-speed cutting operations, the cooling 
provided by the cutting fluid is its most 
important function. At moderate cutting 
speeds both cooling and lubrication are im- 
portant, but at low speeds, lubrication be- 
comes the dominant function of a cutting 
fluid. 

Chip formation and built-up edges arc 
related to the frictional effects of metal 
cutting. Figure | shows a schematic of the 
cutting operation with a single-point tool. A 
tool moving with a velocity V and a depth of 
cut t, creates a chip of thickness t that is 
greater than г. The chip is generated at a 
shear plane that makes an angle ф with the 
direction of cut. This angle. known as the 
rake angle, is an important variable in the 
mechanics of chip formation. The relief, or 
clearance, angle is also important because it 
provides potential cess to the cutting 
zone for lubrication. 

In considering the potential for improving 
the cutting process with a cutting fluid, Fig. 
2 illustrates the major areas of deformation 
and friction that occur during the generation 
of chips. In Fig. 2, zone | indicates the area 
of strain hardening that forms in the mati 
rial being cut ahead of the tool. Microcrack- 
ing can take place in the zone! and relatively 
high temperatures result from the deforma- 
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Schematic of the cutting process with а 
single-point tool. Source: Ref 1 


Fig. 1 


Zones of deformation and friction in chip. 
formotion. Source: Ref 2 


Fig. 2 
tion and resultant strain hardening. In zone 
2. the deformed chip moves out of the shear 
zone and flows up the surface of the tool. 
As the chip slides up the face of the rake of 
the tool, it generates more heat as a result of 
friction between the chip and the tool. In 
zone 3. as the tool traverses the freshly cut 
surface, further rubbing of the tool against 
the workpiece material takes place, thus 
generating friction and additional deforma- 
tion. As chip formation proceeds, the tool 
edge forms a built-up edge (zone 4), which 
creates more local plastic deformation and 
friction. In zone 5. below the area of pri- 
mary metal removal, additional plastic de- 
formation takes place, along with some 
strain hardening. The geometry of the chips 
varies with the workpiece material and the 
cutting conditions. The various types of 
chips are illustrated in Fig. 3. 

Lubrication. Cutting fluids improve tool 
life and allow higher cutting speeds by re- 
ducing the amount of friction that occurs 
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Types of chips obtained in metal cutting. (a) Continuous chip. (b) Continuous chip with a secondary shear 
zone. (c) Continuous chip with a large primary shear zone. (d) Built-up edge in a continuous chip. (e) 


Inhomogeneous (serrated) continuous chip with regions of low and high shear in the primary zone. (f) Discontinuous 


chip. Source: Ref 1 


during the cutting process. Cutting fluids 
with good lubricating qualities can also: 


* Allow the formation of a continuous chip 
when low cutting speeds result in the 
formation of discontinuous chips or ser- 
rated continuous chips (Fig. 3) 

Reduce the frictional forces between the 
tool and the rake face 

Reduce the size of the built-up edge or in 
some cases eliminate built-up edge for- 
mation. Total elimination of the built-up 
edge will produce a superior finish on the 
part being machined and will result in less 
‘frictional drag on the Tank "lace 

Reduce adhesive wear by reducing adhe- 
sion between the tool and the chip or the 
workpiece 

Produce insignificant lubricant effects in 
the case of extremely brittle materials 
that yield very small discontinuous chips 





Cooling. Cutting fluids reduce the tem- 
perature of the metal cutting operation by 


transferring heat away from the workpiece 
and the tool. Some of the factors involved in 
cooling are as follows: 


* Cooling effects due to the application of 
the cutting fluid increase the shear 
strength of the material being cut. thus 
increasing the forces required for metal 
cutting. Generally, this effect is small for 
most metals 

* The cooling effects of cutting fluids may 
be deleterious if the change in tempera- 
ture caused in the cutting tool is abrupt 
and discontinuous. Abrupt changes in 
temperature may cause fracture and spal- 
ling of the tool: ceramic tooling is partic- 
ularly sensitive in this regard 

The cooling from cutting fluids is gener- 

ally related to their thermal properties. In 

general. cooling efficiency is less for an 
oil than for an emulsion and is greatest 
with a water solution. Frictional effects. 
however, may complicate this relation- 








ship because the lubricating properties 
influence the amount of heat generated 
Cooling efficiency can be reduced by the 
heat transfer characteristics of high- 
cosity fluids. High cutting speeds can 
initially improve the cooling because the 
viscosity of the cutting fluid decreases 
with temperature, but beyond a certain 
temperature this beneficial effect on cool- 
ing is no longer present 

The effectiveness of cooling depends on 
the amount of surface wetting, fluid vis- 
cosity, chemical reactivity and molecular 
size, and the physical characteristics of 
fluid flow 





Chemistry of Cutting 
and Grinding Fluids 


Metal cutting and grinding fluids are of 
two general types: solutions and emulsions. 
Solutions consists of a base fluid such as 
petroleum oil, a petroleum solvent, a syn- 
thetic fluid, or water. These base fluids can 
then be formulated with various additives 
that are soluble in the fluid. Emulsions, on 
the other hand, are composed of two phas- 
es: a continuous phase consisting of water, 
and a discontinuous phase consisting of 
small particles of oil, petroleum, or synthet- 
ic fluid suspended in the water. These emul- 
sions are commonly called soluble oils. 

Oil or synthetic solutions generally have 
the highest lubricating capabilities and the 
lowest cooling efficiencies. Water-base so- 
lutions. on the other hand, have the highest 
cooling efficiencies and lower lubrication 
effectiveness. In general. emulsions tend to 
have moderate properties for both cooling 
and lubrication. 

Solutions. Some cutting and grinding so- 
lutions are described below with regard to 
three types of base fluid. In all metal cutting 
and grinding solutions, additives are select- 
ed that are soluble or in some cases dispers- 
ible in the fluid. In combination, the fluid and 
the additive display the desired properties. 

Cutting Oils. The so-called cutting or 
grinding oils have either a naphthenic or 
paraffinic oil or a petroleum solvent as the 
primary ingredient. Paraffinic mineral oils 
differ from naphthenic base oils in two 
ways. First. paraffinic oils have a much 
higher concentration of straight-chain car- 
bon atoms varying greatly in length, and 
second. they have a smaller concentration 
of ring compounds, such as naphthenic and 
polycyclic aromatic compounds. Paraffinic 
oils exhibit greater oxidation resistance 
than naphthenic oils and tend to maintain 
their viscosity over a wider temperature 
range. On the other hand, naphthenic oils 
tend to form more stable solutions of addi- 
tives than the paraffinic oils. In naphthenic 
oils, the aromatics in the oil are surface 
active and therefore provide improved load- 
carrying capacity. All mineral oils contain a 
large variety of ring and straight-chain com- 
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Fig. 4 some components of mineral oil 


pounds of varying molecular weight. Some 
of these typical structures are illustrated in 
Fig. 4. 

Synthetic fluid lubricants have a con- 
trolled molecular structure with predictable 
properties. Synthesized hydrocarbons such 
as the polyalphaolefins have been used to 
replace mineral oil in some special cutting 
fluid applications. Long-chain alcohols 
have also been used for special applica- 
tions. However, a significant market has 
not developed for these synthetic cutting 
fluids. 

Water-base solutions are often termed 
“synthetics” in industry. Water-base solu- 
tions have excellent heat transfer character- 
istics because of the high heat capacity of 
water, However, the purity of the water can 
significantly affect the performance of wa- 
ter-base cutting fluid solutions. Biological 
attack, foaming, additive displacement, and 
deposit formation are some consequences 
of mineral concentrations or other impuri- 
ties that may be present in the water. 
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Emulsions consist of immiscible fluids 
that form a relatively stable mixture be- 
cause of emulsifiers or surface-active chem- 
icals (which are soluble in the fluids). Emul- 
sions for metal cutting and grinding fluids 
consist primarily of a continuous phase of 
water containing suspended mineral oil or 
synthetic fluid. The particle size of thc 
suspended fluid varies and depends on the 
effectiveness of the surfactant chemicals 
used to emulsify the system. Clear emul- 
ins can be produced when the suspended 
phase consists of sufficiently fine particle 
es, but in most cases emulsions have a 
milky-white or blue-white color, depending 
on the chemistry of the additives. In these 
cases, the particle size is larger. 

In general. when suitable surfactants are 
added to a pair of immiscible liquids such as 
oil and water, the surfactants will be ab- 
sorbed at the interface between the two 
liquids. The hydrophilic group, that is. thc 
part of the molecule of the surfactant that is 
water soluble, will orient itself so as to 
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Dispersion 


Fig. 5 instability in emulsions. Source: Ref 3 


Crearming Breaking 


become part of the water phase, and the 
lipophilic or oil-miscible portion of the mol- 
ecule will orient itself so as to become part 
of the oil phase. A large number of surfac- 
tants are available for use in promoting the 
development of a stable emulsion. In gener- 
al. combinations of emulsifiers or surfac- 
tants are used. Soaps of long-chain fatty 
acids, phosphate esters, sulfonates, and 
ethoxylated alcohols are frequently used in 
appropriate ratios as components of the 
emulsion-surfactant system. 

The stability of emulsions is important in 
metal cutting and grinding operations, and 
the destabilization of an emulsion is to be 
avoided. Destabilization often occurs be- 
cause of the buildup of minerals from fre- 
quent additions of impure water and the 
buildup of swarf from the machining opera- 
tion. The inadvertent addition of cleaners or 
dirt may also break the emulsion. 

Splitting of the emulsion, when it occurs, 
generally results in the formation of two 
distinct liquids: water and the oil floating at 
the top. However, a phenomenon known as 
creaming may also occur, which produc: 
thick cream layer that floats on the su 
This layer is not so much a result of the 
breaking of the emulsion but rather is the 
product of two separate emulsions being 
created. The emulsion at the top has a much 
higher concentration of suspended oil parti 
cles. The presence of the cream may indi 
cate that a process of breaking of the emul- 
sion is about to begin. On the other hand, 
such mixtures may be advantageous in 
some metal cutting operations. Typical 
stages in the breaking of emulsions arc 
illustrated in Fig. 5. 

Additives. Some of the important classes 
of additives used in both solutions and 
emulsions are described below. 
reme-Pressure (EP) Additives. These 
chemical compounds vary in structure and 
composition and are sufficiently reactive with 
the metals being machined to form relatively 
weak compounds at the tool/workpiece inter- 
face. Extreme-pressure additives serve as 
solid lubricants with low binding energy and 
therefore reduce the friction between the tool 
and the workpiece. ‘They are primarily sulfu- 
rous additives (such as sulfurized esters of 
fatty acids), chloride additives (such as chlori- 
nated hydrocarbons or chlorinated esters), or 
phosphorous additives (such as phosphoric 
acid esters). Solid lubricants such as molyb- 
denum disulfide have also been used in small 
amounts. These solid lubricants deposit on 
the metallic surface and reduce the friction 
between the tool and the workpiece. Borates 
have been added for the same purpose. How- 
ever, organic molecules with sulfur and chlo- 
rine are by far the most widely used EP 
additives. The chemical reactions that occur 
during the formation of sulfides and/or chlo- 
rides as a result of workpiece-additive inter- 
action are very complex and not clearly un- 
derstood. 
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Manutactoree ‘Trade name und active ingredients formulated biocide number Comments 
IMC Chemical Group, Ine Bioban Р-1487: 4- 99103 21230 Good oil solubility: stable in 
(-nitrobuty -morpholine 70%: bil-water emulsion concentrates 
4.4°-42-cthyl-2-nitrotrimethylene? 
dimorpholine 20% 
Tris Nitro: tri hydroxymethyh, 0.2 aqueous 271-26 Poorly compatible with most 
nitromethane: aqueous 50%, powder 0.1 powder 271-18 concentrates. recommended for 
1006 tankside use 
Lehn & Fink Industrial Products. 
Division of Sterling Drug Inc Grotan.BK(a): hexahydro- 1,3. 5-triv 0:15 10.000- 1 Stable in many concentrates. less 
Q-hydroxyethyD-y-trizane 78% effective against fungi al ow 
dose levels 
Olin Corporation. Zinc omadine: zinc. 
2pvridinethiol-Loxide: powder 95%, 0.0079 1258-840 Not soluble in concentrates. 
aqueous dispersion АК 0.01% 1258-841 
Sodium omadine: sodium 
2-pyridinethiol- oxide; powder 9%. 0.008 1258-842 Soluble in most concentrates 
aqueous solution 40% 0015 1258-843 except with difficulty in 
oikwater emulsion 
concentrates; more effective 
against fungi and yeasts Ihan 
bacteria 
Friadine 10: he 0.07 in synthetic fluids 1258-990 Used in oil-water emulsion. 
-hydroxyethyl-v-triaz Ф. or 0.1 in oil concentrates with care: 
sodium 2-pyrulinerhiol-I-oxide 6.4% containing fluids Compatible with most other 
concentrates 
Rohm and Haus Company Kathon 886 MW: S.chloro-2-methyl-4 0,0025-0,0125 00-129 Stable in some concentrates: not 
isothiazolin- one 8.6%, particularly in oil-water 
2methyl-4-ssothiazolin-Vone 2.6% emulsion concentrates pos: 
sibly inactivated by some 
amines and sulfides 
R. T, Vanderbilt Company, Ine Vuncide TH: hexahydro: 0050.1 1965-58 Good oil and water solubility: 
1,3 5-niethyl-a-triazine 95% stable in most concentrates. 
strong amine odor 
Vancide 51: sodium 4% in Water as 1965-8 Stable in some concentrates hut 


dimethyldithiocarbamate 27 
sodium 2-mercaptoben, 


ЗАЎ 


UW) This product is marketed as Orotan ur the United States 





bactericide: 2% in 
fungicide 





thiazole 





recommended al-use dilution by 
user 





Detergents, Compounds such. as long- 
chain alcohols, substituted benzene sulfonic 
acid. and petroleum sulfonic acids can re- 
duce or prevent deposit formation on the 
workpiece. 

Antimisting Additives. Airborne contam- 
ination by the metal cutting fluid in the plant 
is a long-standing problem that occurs when 
oil-base solutions are used. The addition of 
small quantities of acrylates or polybu- 
tanes will reduce mist formation by en- 
couraging the buildup of larger particle 
sizes, which are heavier and much less 
readily airborne. 

Antifoaming Additives. Foaming репе! 
ly occurs when agitation from either the 
cutting operation or fluid handling introduc- 
es air into the fluid. To prevent or minimize 
the formation of foam, the free energy of the 
film surface must be reduced. Antifoaming 
agents have been developed for this pur- 
pose. Polyalkoxysiloxanes, fumed sili 
high molecular weight amides, and polygly- 
cols are effective in specific metal cutting 
fluids. 

Odor Masks. High temperatures at the 
tool/workpiece interface heat the fluid and 
often result in odors that are disagreeable to 
the operator. Pine oil, cedar oil, and sassa- 
fras essence have been used to mask these 














odors, thus making the fluid more accept- 
able in long-term operations. 

Corrosion Inhibitors. The corrosion of 
machine parts and the machine tool can be a 
problem, particularly with water-base fu- 
ids. Sulfonates, borates, and benzotriazoles 
have been used as additives in cutting fluids 
to help prevent corrosion. Many organic 
amines and sulfonates, which provide cor- 
rosion protection, may serve another pur- 
pose—that of providing effective surfactant 
characteristics as well as corrosion protec- 
tion. In the case of copper alloys, toluyltri- 
azole is an effective inhibitor. 

Dyes. Both oil- and water-soluble dyes 
are used to assist in the identification of the 
metalworking fluid and to help in identifying 
the location of the fluid with respect to the 
application technique. 

Antimicrobial Agents. Microbial growth 
will take place in cutting fluids that inten- 
tionally or inadvertently contain water. 
Bacteria, fungi I grow. de- 
pending on the growth conditions and the 
competition for nourishment among these 
organisms. Sulfate-reducing bacteria pro- 
duce the well-known “Monday morning 
stink." These microbes do not require air. 
and they grow at thc bottoms of sumps. 
attacking the sulfur in EP additives or the 




















sulfur incidentally present in a cutting oil. 
This produces malodorous complex sulfur 
compounds. A number of biocides are avail- 
able for use in attacking and killing bacte- 
ria, mold, and fungi. Table 1 lists 
biocide manufacturers, the active ingredi- 
ents of the biocides, and other pertinent 
information. 


Selection of a Cutting 
or Grinding Fluid 


Metal cutting or grinding fluid selection 
depends on an evaluation of a large number 
of interrelated factors. Some of the perti- 
nent factors have nothing to do with the 
particular metal cutting or grinding opera- 
tion in question, but rather concern the ease 
of cleaning the part after production, the 
cost of recycling the fluid, the cost of fluid 
disposal, the possibility of adverse effects 
on operator health and safety, and the cost 
of the fluid itself. Nevertheless, the techni- 
cal criteria of the machining process must 
also underlie the choice of a particular metal 
cutting or grinding fluid. These criteria in- 
clude the desired tolerances, tool life. sur- 
face finish, and energy consumption. Fluids 
must also be noncorrosive to the equipment 
and to the part being machined. 
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Table 2 Selection guide for cutting fluids 


These recommendations are general guidelines. They are influenced by fool material and composition, workpiece 
material composition and treatment. and the machine tool. Machining with tungsten carbide and ceramic tools can 
often be carried out more effectively without a cutting fluid on aluminum alloys, copper alloys, plastics, and 


steels, depending on operating conditions. 



























































1 = Operations, — 
Browching Tapping. 
Vinternal threading. Milling. 
ана ферме — Screw drilling, 
Material external) drilling machining shaping Turning Sawing 
Carbon steels Ete. Ste E2d. SA. EH: 52, 
osd 044. OSA. 
Free-machining 
Jow-curbon steels. E24 Ее. S2e. EM. O4d E34, S24. с. SX, 
Sx osd O4d, OSd 
Alloy steels Ose, OS EX. OSc sx. 
Stainless steels обе Ec. Ое. Sx 
Ood 
Tool steels Ode. Ose Ele, Ose E2e, S2. 
Олс. O4c 
Cust irons EX. SAX. E2. O44 EXc. d EX. 
OSe osd 
Slc, 82е 
Aluminum and alloys. EA. S2d, EX. d EX.d:  EM.SM EX. d 
ом, 074 Odd SX. d: Obd. 
Obd Od 
Copper and alloys. EM. 524, EN. 074 EX. d 
OSd. 074 SX, d; 
Obd 
Titanium and alloys оза. OSe EXc. Озе E EM. 
Refractory alloys. Ose обе EX. Ode Ode. OSe 52е, 
High-temperature alloys 
(iron, nickel, and. 
cobalt base) ose Ele; OS, SX. Ое. Еде. Озе 
4 OF 
Plastics. EX. SX. EM. Ol, Е24, 824. EM. 520 
Obd Ола о! 
tà) E. emulsions: 1, surfüce-active: 2, extreme-pressure. S, solutions: I, surface active; 2. extreme pressure. О, mineral oils: 1, straight 
mineral oil; 2, типтеги ail = fat, 5, mineral eil + fat + sulur: 4, mineral өй | fat + chlorine: S, numeral wil = fat + sulfur + Chlorine: 
б. mineral oil ^ fat © inhibited sulfur. 7. mineral oil + Tat + inhibited chlorine. c, concentrated; d. diluted. Source: Ref 4 





The choice of a cutting or grinding fluid 
is influenced by the fluid characteristics, 
the workpiece material, and the machining 
operation. Table 2 provides general guide- 
lines for the selection of fluids based on 
the material to be machined and the cut- 
ling operation involved. Ат best. these 
recommendations provide a starting point 
for evaluating the preferred cutting or 
grinding fluid in a given manufacturing 
environment. 

Fluid Characteristics. Oil-base solutions 
possess superior lubricating characteristics, 
resist bacterial attack, protect surfaces from 
corrosion, and can be readily recycled with 
appropriate filtration. Water-base solutions 
have superior cooling and penetration capa- 
bilities, are generally lower in operating 
costs. are less dependent on mineral oil 
supply, and may cost less to recycle be- 











cause of the easc of settling of swarf and 
chips. Oil and water emulsions tend to have 
moderate cooling and lubrication character- 
istics compared to those of oil and water 
solutions. 

Workpiece Material. The intrinsic ma- 
chinability of metals can vary considerably 
within a specified composition because of 
variations in structure and homogeneity. 
Nevertheless, there are some general pref- 
crences in the selection of a cutting fluid for 
à given workpiece material, as follows. 

Free-Machining Steels. The addition of 
lead, sulfur, and bismuth to steels improves 
their machinability. Water-base cutting flu- 
ids are most effective with these materials, 
particularly those containing sulfur-basc 
additives as well as fatty esters. Chlor- 
inated EP addi are not generally effec- 
tive. 




















Low-carbon steels in the hot-rolled con- 
dition tend to be somewhat gummy. Emul- 
sions and low-viscosity oils can be used 
effectively in machining these materials. 
Medium- and high-carbon steels as well as 
alloy compositions in the same carbon 
range are effectively machined with emul- 
sions and water-base solutions, particularly 
if machining rates are high. 

Cast Iron. Because swart buildup must be 
avoided. water-base emulsions and solu- 
tions are effective. The greater the cutting 
speed, the more effective the water-base 
coolant. 

Stainless Steel. Low-viscosity oils with 
chlorine, as well as sulfur EP additives, are 
effective. Emulsions containing sulfur and 
chlorine are effective fluids at higher cutting 
speeds. 

Copper Alloys. Because of the formation 
of stringy chips and the ease of staining with 
active sulfur, fatty esters are used in oils, 
emulsions, and water-base solutions. Soap- 
base solutions have been used effectively in 
the machining of copper alloys. 

Aluminum Alloys. Water-base solutions 
containing fatty esters and amides are effec- 
tive. Lightweight oils containing a fatty 
ester are also effective, particularly for 
turning and milling operations. 

Titanium Alloys, Lightweight oils con- 
taining chlorinated EP additives are effe 
tive. Emulsions containing chlorine have 
been found to be effective when grinding 
with a silicon carbide wheel. 

Machining Operation. Each of the metal 
cutting operations has characteristics that 
often influence the effectiveness of a partic- 
ular cutting fluid. The basic metal removal 
methods are turning, milling. drilling, and 
grinding. 

Turning. Because the cutting tool is in 
continuous contact with the workpiece. ac- 
cess to the cutting area is restricted. There- 
fore, the cutting fluids of choice are those 
with a base fluid and additives of low mo- 
lecular weight. In general, water-base solu- 
tions and emulsions are preferable for most 
turning operations. 

Milling. Lubrication is generally morc 
important than cooling in this operation 
because of the relatively low cutting speeds 
involved and the easy access to the cutting 
tool. Therefore, compounded oils and emul- 
sions are frequently preferred. 

Drilling. Because of the constant engage- 
ment of the tool and workpiece and the 
difficulty of gaining access to the cutting 
area, drills with cutting fluid access ports 
should be used when possible. Solutions 
based on oil and water can be successfully 
used with sulfur and/or chlorine additives, 
although the specifics of the fluid chemistry 
are heavily influenced by the composition 
of the material being machined. Chlorine, 
for example. does not seem to be effective 
in improving the drilling of free-machining 
steels. 
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Fig. 6 Proper ond improper methods of applying cutting fluids. Source: Ref 5 


Grinding. Because of the high rotational 
speeds of the grinding wheels, the applica- 
tion of a fluid is extremely important to 
ensure fluid contact with the wheel and the 
workpiece. Furthermore, the relationship 
between the chemistry of the grinding 
wheel and that of the workpiece is also 
important, These interactions must be 
evaluated in choosing an appropriate cut- 
ling fluid for a specific grinding wheel 
material in a production situation. Gener- 
ally. emulsions and water-base solutions 
are the fluids of choice, with a wide array 
of esters, amides, sulfur compounds, and 
chlorine compounds successfully used in 
the fluid formulation. Oil-base solutions 
are chosen when lubrication of the wheel 
is the critical criterion, 


Application Methods 


Correct application of the cutting fluid at 
the tool/workpiece interface is fundamen- 
tal to the effective use of the fluid, and the 
method of application affects not only lu- 
brication and cooling but also the efficien- 
cy in removing swarf and chips from the 
cutting operation. Some recommendations 
on the placement of the fluid stream are 
illustrated in Fig. 6 and 7. Frequently. 
more than one nozzle per tool should be 
used to optimize chip removal as well as 
cooling and lubrication. Manual applica- 
tion of a cutting fluid is effective only for 
very low volume production or toolroom 
use. Fluid and mist application also affect 
fluid effectiveness. 








(с) 


А Methods of applying grinding fluids. (a) A 
Fig. 7 fan-shaped nozzle covers the width of the 
wheel ond is shaped to breok the air film generated by 
the rotating wheel. (b) A nozzle with a large orifice 
extending over the sides of the wheel allows gradual 
acceleration of the fluid. (c) A nozzle that directs the fluid 
almost perpendicular to the wheel surface allows the fluid 
to penetrate the air film generated by the wheel. Source: 
Ref 3 


Flooding of the cutting arca is the most 
widely used method of promoting lubrica- 
tion, cooling, chip removal, and access to 
the cutting operation. The volume of fluid 
per unit time that is applied is critical in 
achieving optimum results. Volume recom- 
mendations vary from less than 1 L/min 
(0.25 gal./min) to more than 2000 L/min (500 
gal./min), depending on feed, speed, and 
cutting tool mate! and geometry (Table 
3). The optimum pressure varies with oper- 
ation. 

In the case of drilling. access holes in the 
body of the drill will improve the access of 
the fluid. The optimum volume and pres- 
sure must be developed for each applica- 
tion. Pressures and volumes in excess of the 
optimum may be harmful. The creation of 
excessive mist must be guarded against by 
using an appropriate enclosure for the cut- 
ting area. 
ing. A particularly effective method of 
applying a cutting fluid in drilling and cutoff 
operations involves the creation and applica- 
tion of the lubricant as a mist. The size of the 
mist droplets can be controlled, depending on 
the particular effects desired. In addition, 
more efficient use of the cutting fluid can also 
be achieved, particularly in the case of water- 
base solutions and emulsions. Vaporization 
of the small particles may improve both cool- 
ing and lubrication during hining. Care 
must be taken when misting cutting fluids to 
prevent excessive buildup in the air and in the 
workplace in general 























Control and Test Methods 


Control of cutting and grinding fluids de- 
pends on the adoption of appropriate test 
procedures. Table 4 lists some of the Amer- 
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Table 3 Cutting fluid flow recommendations 











Table 4 ASTM standards for 
control of metal cutting and 
grinding fluids 
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(ASTM) standard test procedures used in 
establishing control, and the following sec- 
tions describe some of the procedures. 

Viscosity is the most important property 
of a lubricant. The viscosity of a fluid 
determines its characteristics of flow, pen- 
etration, and oil film thickness. In general, 
there are two basic measurements of visco: 
ity: absolute or dynamic viscosity and kine- 
matic viscosity. Dynamic viscosity repre- 
sents the force required to overcome fluid 
friction. Kinematic viscosity measures vis- 
cosity in relation to the density of the fluid. 
Kinematic viscosity is usually used to char- 
acterize lubricants. 

Kinematic viscosity is generally ex- 
pressed in either centistokes (cSt) or Say- 
bolt universal seconds (SUS). Specification 
ASTM D 445-446 describes the instrumen- 
tation and technique for measuring kinema 
ic viscosity. Viscometers of various designs 
permit flow under controlled conditions. 
and this flow is translated into viscosity at a 
specified temperature. Specification ASTM 
D 88 describes a method that uses a Saybolt 


























measures fluid flow at a specific tempera- 
ture. Although this technique is not as pre- 
cise as the one described in ASTM D 445- 
446, it is adequate for most applications. 
Concentration. During processing, vari- 
ous additives will be depleted at different 
rates, depending on many of the variables 
observed during machining, such as materi- 
al chemistry. salt concentration. tempera- 
ture, and the rate of part production. This 
change in composition and concentration 
can result in unsal tory tool life. poor 
tolerances, degradation of surface finish, 
the production of rusty parts, and thc 
growth of bacteria and/or mold and fungus. 
The s ive addition of appropriate addi- 
tives may be necessary if the depletion of 
specific components of the lubricant is not 
compensated for by periodic additions of 
the concentrate. Overall concentration can 
be controlled by the appropriate use of a 
refractometer, by splitting the emulsion, or 
by the titration of water-base solutions. 
"The most significant operating parameter 
of a water-base emulsion or solution is its 





















centration is adequate during the initial 
preparation of the fluid. However, it fre- 
quently becomes inadequate as contami- 
nants in the fluid accumulate and the salt 
concentration of the water increases. 

Frequently, the most effective and reli- 
able method of determining the concentra- 
tion of a given emulsion is to break the 
emulsion by adding ionic salts and/or acids 
to a small portion of it. A sample of the 
emulsion is selected, sediment and tramp oil 
are removed, and a strong mineral acid 
(H,SO,) is carefully added. Splitting occurs 
after the mixture is heated for approximate- 
ly 1 h, and two separate layers are created: 
onc of water and the other of additives and 
oil. This splitting technique does distort the 
concentration of oil and additives in the 
emulsion. Nevertheless, useful information 
on concentration can be obtained with this 
technique or its variations. 

The titration of emulsions is generally 
based on the colorimetric titration of the 
anionic emulsifiers frequently used in pro- 
ducing emulsions. If a petroleum sulfonate 
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has been used as an emulsifier. it can be 
titrated with hyamine by using a cationic 
indicator (methylene blue). Titration can 
also be used as a control method for water- 
base solutions because these solutions gen- 
erally vary in pH from 8.5 to 9.5. Titration 
with a dilute mineral acid to a predeter- 
mined pH value can be compared to а 
standard to establish an alkaline equivalent 
that rises with a change in pH of the cutting 
fluid. Experience over time of the relation- 
ship of this equivalent to concentration can 
be useful in controlling solution concent 
tions. 

Emulsion Stability. Excessive cold. high 
operating temperatures, contamination of the 
cutting fluid by both metal fines and tramp oil. 
and formulation inadequacies can affect the 
stability of emulsions. Particle size and distri- 
bution are often taken as indications of stabil 
ity. Larger particle size, which may be de: 
able in some metal cutting operations often 
indicates incipient breaking of the emulsion. 
Size and distribution can be observed under 
low magnifications in an optical microscope. 
Regular observation and the creation of a data 
base of information on particle size and dis- 
tribution can serve as an adequate control 
technique. sessive heat or cold should be 
avoided because they can lead to an unstable 
emulsion. 

Determination of the stability of fresh 
emulsions is important in qualifying a new 
emulsion cutting fluid and for establishing a 
baseline against which subsequent test pro- 
cedures be related, A depletion test 
based on ASTM D 1479 can be useful in this 
regard. After letting a sample stand for 24 h, 
20 mL (0.7 oz) of the prepared emulsion is 
drawn from the bottom of the sample. This 
emulsion is then broken, and its concentra- 
tion is compared to that obtained by break- 
ing a sample taken prior to the 24-h settling 
period. 

Foaming occurs as a result of agitation 
produced by the machining operation or the 
transfer of fuid. Foam production can re- 
duce effective flm strength. complicate the 
settling of metal fines, and slow heat trans- 
fer. Specification ASTM D 892 is a method 
for evaluating the relative tendency toward 
foaming of a given fluid. An air diffuser is 
immersed in a fluid sample, and a predeter- 
mined air flow is initiated for a given period 
of time. The ensuing volume of foam is 
measured. The sample is allowed to stand. 
and the volume of foam that remains is 
recorded. The foam that remains after the 
10-min settling time is usually a fair reflec- 
tion of the stability of the foam. The test is 
then repeated at a higher temperature. The 
relative volume of foam is a measure of the 
foaming tendency of the cutting fluid. The 
effects of contaminants during processing 
can also be evaluated in this manner. 

Particulate Contaminants. As a result of 
metal cutting operations, metal particles 
and organic contaminants from various 












































sources build up in the fluid. These partic- 
ulates influence tool life and surface finish 
and may facilitate the chemical breakdown 
of molecular species in the cutting fluid. 
Specification ASTM D 273 describes a fil- 
tering procedure that can be used to mea- 
sure particulate concentration under con- 
trolled conditions. 

Hydrogen ion concentration can be 
measured by using pH paper or a standard 
pH meter, Because of the relative simplicity 
of the measuring methods, regular monitor- 
ing of pH ina cutting fluid can be performed 
to measure the overall change in acidity or 
alkalinity as operations proceed. A change 
in the pH may reflect chemical degradation 
or degradation due to biological growth. In 

lant operations, systematic measurement 
of pH is a relatively simple procedure for 
controlling cutting fluid quality. 

Corrosion. One of the more important 
characteristics of water-base cutting or 
grinding fluids is the potential for corrosion. 
A number of relatively simple test proce- 
dures have been developed to measure the 
tendency toward corrosion or staining. "ast 
iron chips that have been cleaned and coat- 
ed with the test fluid can be monitored 
under controlled conditions of temperature 
and time to observe a tendency toward 
staining or corrosion. A similar test can be 
carried out on coupons made of copper. 
aluminum, or ferrous alloys. Humidity cab- 
inets of varying designs are also frequently 
used to evaluate the tendency toward stain- 
ing and corrosion of ted fluids on se- 
lected surfaces. Some cabinets allow for the 
application of controlled salt concentrations 
and vapor condensation. 

Biological Tests. Microbes such as bacte- 
ria, mold, and fungi can promote corrosion, 
dermatitis, and emulsion destabilization. 
Therefore, techniques are used to evaluate 
the presence and concentration of microor- 
ganisms in cutting fluids. Three biological 
test procedures arc discussed below. They 
are relatively simple to carry out, and they 
adequately monitor the presence of micro- 
bial infestation of the fluid. 

Oxygen liberation is a technique for mea- 
suring the oxygen released from microbio- 
logical infection. Equipment has been de- 
veloped for measuring the oxygen liberated 
from the enzymatic conversion of a perox- 
ide substrate into oxygen and water. Oxy- 
gen is liberated from the microbes in the 
cutting fluid and is measured with instru- 
mentation. The method yields rapid. repro- 
ducible results and is satisfactory for mon- 
itoring the presence of microorganisms in 
the fluid. 

Dip-Slide Technique. Small plastic slides 
coated with a nutritive gel are dipped into 
the cutting fluid and allowed to drain. Any 
microbes present will grow in the gel. The 
gel can be selected to be responsive to 
either bacteria or yeast and mold. A varia- 
tion is the recent development of a single 



































slide that has different media on opposite 
sides. One side is responsive to bacteria, 
the other side to yeast and mold. Although 
not quantitative, the method is adequate for 
monitoring a cutting fluid in the manufac- 
turing environment: 

Ammonia concentration can signal exces- 
sive levels of microbes and metallic parti- 
cles in a cutting fluid. A straightforward 
method of evaluating ammonia concentra- 
tion is by the use of a pH meter equipped 
with a specific ion electrode designed to 
measure ammonia. 

Water Quality. In the case of water-ba 
cutting fluids, the importance of controlling 
water chemistry cannot be overempha- 
sized. High hardness and low pH will ad- 
versely affect the stability of emulsions. 
Control of the concentration of anions, cat- 
ions. and pH reflects the control (or lack 
thereof) of water quality. Cations such as 
magnesium, aluminum, and calcium are 
particularly important because they influ- 
ence the formation of hard water soaps and 
the complexing of the surfactants used in 
compounding emulsions and solutions. If 
the surfactants are complexed, they are no 
longer effective. High salt concentrations in 
the water reduce the stability of emulsions 
and solutions. Total hardness is generally 
expressed in terms of the calcium carbonate 
(CaCO,) that is titrated. 

The residues that remain after the water 
has evaporated from water-base [luids тау 
cause problems with long-term corrosion, 
slide movement, and tooling alignment. In 
general, residues should be soft and non- 
sticky to maintain their lubricating effec- 
tiveness. A simple method of evaluating 
residue characteristics is to evaporate à 
measured quantity of the fluid in a Паг 
container such as a petri dish and then 
examine this residue for tackiness, fluidity, 
color, crystallization, and concen ation. 

The electrical conductivity of a water- 
base fluid can be used as a measure of the 
buildup of salts or metallic impurities. A 
series of conductivity measurements taken 
over time can be used to determine the 
appropriate cleaning and disposal cycles for 
a fluid. Many other simple metering devices 
are available for testing the intrinsic electri- 
cal conductivity of a cutting fluid. 

















Storage, Cleaning, and 
Disposal of Cutting and 
Grinding Fluids 


‘The contamination of coolants and lubri- 
cants is a constant problem, and cutting and 
grinding fluids are often recycled and re- 
used. This requires careful attention to the 
storage, distribution, cleaning, and disposal 
of cutting and grinding fluids. 


Storage and Distribution 
Fluids should be stored in a manner that 
minimizes potential contamination. Water 


contamination is the concern with oil-base 
fluids, and oil and particulate contamination 
is the concern with water-base fluids. In the 
case of tank storage, the water contamina- 
tion of oils is of particular importance. 
Storage tanks require appropriate venting 
and periodic cleaning to prevent contamina- 
tion problems. 

All fluid containers should be properly 
labeled for compliance with regulations 
governing the presence of hazardous mate- 
rials in the workplace. Material safety data 
sheets must be available in the workplace 
for each material being used. Similar pre- 
cautions should be instituted for sampling 
in-process fluids, 

Design Considerations. The design of all 
parts of the system that will be in contact 
with the cutting or grinding fluid should take 
into account the following: 








* All surfaces in contact with the fluid 
should be as smooth as possible to mini- 
mize the deposit buildup of metallic or 
nonmetallic materials as well as microbial 
agglomeration 

If flumes are constructed in the floor, 
they should be covered to prevent access 
of any outside waste material and should 
be designed to maximize fluid flow in 
order to minimize possible microbial 
growth or the buildup of fines and metal 
chips 

All piping should be sized to maximize 
fluid flow and should contain as few 
bends as possible to facilitate cleaning. 
Further. the pipes should be sized so that 
they are full during operation, thus pre- 
venting the buildup of slime on the walls 
Reservoirs should be constructed of ma- 
terials that are not subject to chemical 
attack. The concrete tank is a particularly 
poor choice because the lime in the con- 
crete can be eroded, subsequently in- 
creasing particulate contamination and 
possibly altering lubricant chemistry 
Equipment of any kind that is likely to be 
in contact with a fluid should have con- 
tinuous drainage to prevent the growth of 
microbes in static pools of lubricant 





System Cleaning. T'he reservoir. auxilia- 
ry piping, and application devices should be 
cleaned before the reservoir is filled with 
machining fluid. This cleaning of the system 
is important before the initial fill and is even. 
important in subsequent filling cycles. Good 
cleaning practice consists of the following 
series of steps: 





* Drain fluid from all lines, application de- 
vices, sumps, and/or reservoirs 

* Remove as much of the solids collected in 
the system (filters, lines, sump, reservoir, 
and so on) as possible 

* Charge with a suitable cleaner diluted 
with an appropriate fluid (water, solvent, 
or oil) 
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* Circulate the cleaning solution for a suf- 
ficient length of time to remove residual 
machining fluid and accumulations (sol- 
ids, liquid contaminants) in the total sys- 
tem. The use of a brush after a period of 
time will often help loosen accumulated 
organic and inorganic debris 

* Drain the system as completely as possi- 
ble and flush the system with the appro- 
priate light ой, solvent (in the e of 
oil-base fluids), or water (in the case of 
water-base fluids) 

е Proceed immediately 10 the next step in 
the cleaning cycle if the system is flushed 
with water 

* Rinse with a solution containing a biocide 
and a fungicide for at least 2 h when 
water-base solutions or emulsions are the 
machining fluids of choice 
Drain the system once again if the rinse 
appears to be heavily contaminated. If 
not, approximately а 1% concentration of 
the chosen machinery fluid can be added, 
using the bioc rinse as part of the 
makeup. This mixture should be circulat- 
ed for approximately 30 min prior to final 
draining 
Mix the desired concentration of concen- 
trate and water in a clean mixing vessel, 
using deionized water if available. The 
mixing should be carried out so as to 
ensure intimate contact of concentrate 
and water. The concentrate should al- 
ways be added to the water to facilitate 
approximate mixing. The system should 
then be charged 








Recycling and Fluid Cleaning 

Cutting and grinding fluids arc often col- 
lected in a holding tank and recycled many 
times during their service lives. This impor- 
tant aspect of fluid management often re- 
quires cleaning of the lubricant or coolant. 

Appropriate recycling procedures and 
equipment depend on an analysis of the 
lubricant characteristics and the potential 
contaminants during the fluid life cycle. 
Metal cutting and grinding fluids that are to 
be recycled may contain a wide diversity of 
liquid or semiliquid contaminants. The 
chemistry, particle size, geometry, and con- 
centration of these contaminants will influ- 
ence the equipment and disposal technology 
selected. 

Contamination can be more effectively 
controlled when the source and frequency 
of contamination can be predicted. Contam- 
inants that result from a breakdown of the 
tool or workpiece can be analyzed for ap- 
propriate cleaning procedures. Similarly. 
insoluble precipitates from the water com- 
ponent can be analyzed for appropriate 
cleaning procedures. Contamination often 
occurs as a result of such random events as 
floor sweeping or the disposal of food in 
reservoirs. These occurrences are difficult 
to handle on a systematic basis, but they 
should be kept in mind when process and 








equipment decisions are made with respect 
to recycling. 

Fluid cleaning equipment is illustrated in 
Fig. 8 to 10, Settling tanks, flotation tanks, 
magnetic separators, and centrifuges are 
used singly or in combination. 

Settling tanks (Fig. 8a) are often used to 
remove particulate matter, chips. and 
swarf. The tank is separated with two par- 
titions. A baffle at the first partition pre- 
vents the flow of tramp oil, which can be 
subsequently removed. A weir at the sec- 
ond partition isolates the clean fluid, A 
settling tank is often the first stage of the 
fluid cleaning process. 

In flotation tanks (Fig. 8b). air bubbles 
are created by a stirring action or by the 
introduction of compressed air. Fines at- 
tach themselves to the bubbles (especially 
in the presence of surfactants) as the bub- 
bles rise to the surface. A foam develops on 
the surface and is subsequently removed. 

Flotation tanks are also used to remove 
oil from water-base fluids. Oil that enters a 
water-base cutting fluid will increase thc 
growth of anaerobic bacteria, cause corro- 
sion and staining, plug the filters, destabi- 
lize the emulsions, and increase part clean- 
ing costs. 

Generally. the oil will float on the top. 
However, in some systems in which mixing 
of the oil and the water base occurs. partial 
emulsification of the oil may also take 
place. Aeration devices are used to promote 
the formation of tramp oil, which then floats 
to the surface. Rotating disks, which are 
wetted by the oil and/or belts of stainless 
steel, neoprene, or other materials, collect 
oil as they move through the oil layer. 

Hydrocyclones (Fig. 8c) separate sus- 
pended particles from the fluid by imposed 
acceleration. The fluid, pumped at high 
velocity, is fed tangentially into a conical 
vessel, where the heavier particles are 
forced to the wall. The contaminants exit at 
the bottom. while the back pressure result- 
ing from the conical shape of the vessel 
causes the clean fluid to discharge at the 
top. Hydrocyclones can be used effectively 
after the settling tanks to remove residual 
contaminants, In general, the equipment is 
effective on light-viscosity fluids of up to 
approximately 100 SUS at 38 °C (100 ^F). If 
low levels of contamination are present, the 
use of hydrocyclones can be cost effective. 

Centrifuges (Fig. Xd) impose higher ac- 
celerations than hydrocyclones. The centri- 
fuge is effective over a wide viscosity range 
and can be designed for specific applica- 
tions. Low-speed centrifuges are effective 
in removing particulates, while high-speed 
units can be used to remove particulates 
and tramp oil. Bacteria and mold, if agglom- 
erated, can also be removed with the tramp 
oil. Basket centrifuges are used to remove 
chips from cutting fluids. 

Magnetic separators are used to remove 
metallic fines from lubricants. A magne- 
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tized revolving drum (Fig. 8e) can often be 
used for the desired particulate separation. In. 
general, such devices are more effective in 
water-base fluids because of their low viscos- 
ity. Magnetized conveyors have also been 
successfully used to remove chips from the 
cutting fluid. Again, settling tanks, magnetic 
separators, and centrifugally driven devices 
and skimmers can be used singly or in com- 
bination to promote fluid cleanliness, 

Filtration. Depending on the size of the 
particles, various filtration media are used. 
such as cloth. paper, polymers, and wire 
screens. The driving force can be gravity. 
pressure, or vacuum. Filter configurations 
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Fig. 9 Schematic of ultrafiltration 
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range from flat, stationary beds to moving 
belts, rotating drums, tubes (socks), or flat- 
tened tubes (leaves). Accumulated solids 
can be removed by scrapping. shaking. or 
reverse flow. 

Tube and leaf filters are used to remove 
small particles and to promote fine finishes 
in the machining and/or grinding operation. 
A compartment containing filter tubes or 
leaves made of materials such as nylon or 
woven wire serves as the filter unit, through 
which the fluid is pumped either by the 
application of pressure or a vacuum. When 
fine filtration is required, the filter surface 
may require recoating to initiate each filtra- 
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tion cycle. Diatomaceous earth improves 
filtration, but may also remove lubricant 
components. In this process, as in all filtra- 
tion procedures, the chemistry of the fuid 
being filtered must be matched to the filtra- 
tion system so that the components of the 
fluid are not filtered out while contaminants 
are removed. 

Ultrafiltration (Fig. 9) differs from filtra- 
tion in that a higher pressure (150 to 200 
kPa, or 20 to 30 psi) is maintained over a 
filter membrane with very small pores (from 
25 10 100 A in diameter). Ultrafiltration 
performs molecular filtration and is used 
when high-quality fluids are required. Prior 
filtration and settling techniques are re- 
quired to make this procedure effective. In 
ultrafiltration, molecular size determines fil- 
tration efficiency; therefore, the compo- 
nents of the fluids must be chosen selective- 
ly with this method in mind. 

Reverse osmosis (Fig. 10) uses a mem- 
brane to separate ions. The pore size of the 
membrane is approximately 5 to 25 A. With 
reverse osmosis, hard water contaminants 
such as sodium chloride are effectively re- 
moved from aqueous solutions. Like ultra- 
filtration, reverse osmosis requires prior 
filtration. 

Water Treatment. Water quality is im- 
portant іп water-base emulsions and solu- 
lions because various cations and anions 
can promote bacterial growth. corrosion, 
and emulsion instability. A number of pro- 
cesses are used in water treatment. 

Water Softening. Sodium ion exchange 
resins in an appropriate container are used 
to replace calcium, aluminum, iron, and 
other cations with sodium, The ion ex- 
change resin be regencrated by flushing 
with a saturated sodium chloride solution. 
‘The t amount of solids present in soft- 
ened water is not appreciably affected by 
this procedure, but the hardness is signifi- 
cantly reduced. Although softened water 
may be beneficial in some water-base fluids, 
i y lead to excessive foaming. 

Deionization. Cations and anions present 
in the water can be completely removed by 





























Fig. 10 schematic of reverse osmosis 




















se of ion exchange resins. A system 
consisting of two resin columns is used. 
à cation exchanger that replaces 
cations with hydrogen ions. The second 
column contains an anion exchanger resin 
that replaces sulfates, chlorides, and car- 
bonates with hydroxyl ions. These ex- 
change units can be regenerated by appro- 
priate washing with hydrochloric acid and 
sodium hydroxide, respectively. This cost- 
effective method is preferred for water 
treatment, and the water quality is compa- 
rable to that from distillation. 

Distillation. Uf water is treated by distil- 
lation, essentially all the salts precipitate. 
and the condensed water is very pure. Com- 
mercial distillation devices are available 
that use both higher pressures and temper- 
atures to accelerate the process. Boiler wa- 
ter and rainwater are satisfactory substi- 
tutes for distilled water. 


Microbial Control. Because microbes are 
so prevalent in the environment, they will 
grow in cutting and grinding fluids, particu- 
larly in water-base emulsions and solutions, 
Therefore, it is imperative to control their 
growth. 

Generally, the most cost-effective treat- 
ment is heating or the addition of biocides. 
Selective biocides can be effective in the 
particular operating circumstances. Heating. 
the metalworking fluid to temperatures of 
approximately 70 ^C (160 ^F) will kill the 
microbes present in the cutting fluid. Heat- 
ing also facilitates the separation of tramp 
oil and solid contaminants. 

Disposal is required when the recycling 
of a fluid is no longer cost effective. Fre- 
quently, in-plant reprocessing of the oil and 
water is not cost effective. therefore. dis- 
posal and removal must be carried out by 
licensed waste treatment companies. 

Depending on the composition of the fluid 
and its contaminants, the fluid can be sep- 
arated into oil and water layers by heating. 
Generally. however, this is not sufficient for 
adequate separation. Chemical treatments 
are often necded to destabilize the emul- 
sion. A practical cycle used in some facili- 
ties consists of the following steps: 




















* Separate the tramp oil and solid particu- 
lates using the methods previously de- 
scribed 

Using the appropriate safety procedures, 
add the concentrated sulfuric acid to the 
emulsion until the pH is approximately 
3.5. The solution should be mixed while 
the addition is being made 

Add the aluminum sulfate during mixing. 
The concentration of the aluminum sul- 
fate depends on volume. chemistry, and 
pH. The concentration must be high 
enough to cause precipitation of the alu- 
minum hydroxide 

Using adequate safety precautions. recy- 
cle the emulsion k to a pH between 
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6.5 and 7.0 by adding 50% sodium hy- 
droxide to the emulsion 

* Allow the mixture to stand long enough 
to permit the formation of the aluminum 
hydroxide floc 


The clear water layer that results should 
be pure enough for disposal in the sewer 
system. No fluid should be added to a 
municipal sewer system without prior ap- 
proval and evalvation by that facility. The 
aluminum hydroxide floc can be removed 
and treated with concentrated sulfuric acid 
to regenerate the aluminum sulfate for the 
next splitting cycle, 


Biological Effects of 
Cutting and Grinding Fluids 


Although most cutting and grinding fluids 
generally have a low order of toxicity, some 
compounds that are normally used as com- 
ponents of cutting fluids have been ident 
fied as having a greater potential for toxicity 
than others. Reduced contact with these 
chemicals is an important part of good man- 
ufacturing procedure when metal removal 
processes are involved, Contact with the 
following components of some cutting fluids 
should be minimized, even though direct 
evidence of any toxic effects on humans is 
at present inconclusive: 


ө Bactericides: Formaldehyde donors, ha- 
logenated alicylanilides, and mercapto- 
benzothiazoles 

* EP additives: Chlorinated compounds, 
emulsifiers and detergents, soaps, and 
petroleum sulfonates 

€ Antioxidants: Diphenylamine. hydroxy 
compounds, alkyl sulfides, and disulfides 

ө Corrosion inhibitors: Hydroxylamines, 
inorganic and organic nitrites and ni- 
trates, and petroleum sulfonates 

€ Dyes: Azo dyes and fluorescein 

© Water conditions and antiwear agents: 
Phosphates and borates 


The health effects of fluids have been 
tested by using animal experiments defined 
in the Code of Federal Regulations (CFR) 
under the U.S. Federal Hazardous Sub- 
stances Acts. These animal tests consist of: 


16 CFR 1500.3 (С) (1 

















е Acute oral toxi 
and 2) 

• Acute inhalation toxici 
(C) (1 and 2) 

€ Acute dermal toxicity: 16 CFR 1500.40. 

e Primary skin irritation: 16 CFR 1500.41 

© Acute eye irritation: 16 CFR 1500.42 


16 CFR 1500.3 








There is a great deal of uncertainty about 
the relationship between these test results 
and human health. 

Skin Effects. By far the most common 
effects from cutting fluids are skin disorders 
resulting from prolonged contact. The four 
major types of disorders that have been 
studied are contact dermatitis, folliculitis 





and acne, pigmentary changes and benign 
and malignant tumoi 

Contact dermatitis is primarily caused by 
the removal of the natural oils in the skin 
due tọ the presence of water. solvents. 
emulsifiers. and/or soaps in the cutting flu- 
id. A fluid with a pH of over 9.0 can also 
accelerate the occurrence of contact derma- 
titis. 

Folliculitis. Prolonged exposure to oil- 
base cutting fluids can block the hair folli- 
cles in the skin. Unless care is taken to keep 
the skin clean, bacteria may contribute to 
the formation of folliculitis and oil boils. 

Pigmentary changes and skin thickening 
can also be associated with the formation of 
folliculitis. 

Tumors. The petroleum-base oils refined 
from crude oil contain varying concentra- 
tions of polycyclic aromatic hydrocarbons. 
These polycyclic compounds seem to bc 
correlated with the formation of scaly over- 
growth of skin and benign and malignant 
tumors. Appropriate hydrotesting or sol- 
vent refining removes most of the objection- 
able compounds. 

Health Practices. The potential health 
hazards from cutting fluids can be reduced 
by observing good health practices in the 
workplace. The following guidelines arc es- 
pecially effective: 














е Hands and arms. if exposed to cutting 
fluids, should be coated with a vegetable 
oil or petroleum jelly ore à work shift 
The skin should be washed with a mild 
soap that docs not contain abrasives 
Clothing that has been impregnated with 
the cutting fluid should be discarded as 
quickly as possible and replaced 
Impervious armlets and aprons should be 
used to reduce contact with the fluids 
Towels and white cloths should not be 
exchanged among workers and should be 
discarded after one use 

* Any abrasion or cut in the skin necessi- 

tates that precautions be taken to prevent 

contact with the fluid 

The equipment and surroundings should 

be kept clean, and accumulations of de- 

bris or biological matter should be re- 
moved from reservoirs 

A continuing program of education and 

training that stresses the importance of 

personal cleanliness and hygiene should 
be conducted in the plant 

Solvents of ull types that may be used in 

cleaning the equipment should not be 

used to clean the skin 

* Metal fines should be removed on a reg- 
ular basis (preferably continuously) 

* Foreign matter or contaminants, such as 
hydraulic fluids or other machine lubri- 
cants, should be prevented from entering 
the fluid. if possible 

* The pH and biocide content should be 
controlled. In water-base fluids. the pH 
should be held under 9.5 
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* Biocides, due to their active nature and 
wide variation in chemistry, should be 
handled with extreme care. Only govern- 
ment-approved biocides should be used 


Microbes, which may be bacteria, mold, 
Or yeast can grow in water-base cutting 
fluids at extremely high rates, depending on 
the conditions and the microbe type. In 
general. the population will double every 15 
1o 30 min. Even in oil-base fluids. contam- 
ination with water can cause unwanted mi- 
crobial infestation. 
are most commonly associated 
ns, and mold is most common- 










ics). The microbes in question are frequent- 
ly subclassified as bacteria and fungi, with 





fungi being divided into molds and yeast. In 
general, there is a natural antagonism be- 
tween bacteria and fungi. In controlling the 
growth of bacteria, fungi can often get out 
of control and flourish. Therefore, when 
using biocides, it is important to use those 
that suppress the growth of both bacteria 
and fungi. 

Microbes cause a number of unwanted 
effects because they feed on components of 
the cutting fluid as well as on organic and 
inorganic contaminants. Oxidation reduc- 





tion reactions initiated by microbial attack 
often result in the removal of side chains 
from complex molecules, the opening of aro- 
matic rings, the reduction of carbon chain 
lengths, and the unsaturation of saturated 
bonds. In addition, acid is produced by the 
activity of bacteria, although this effect can 
be masked if the growing bacteria degrade 
nitrogen additives and liberate ammonia. 

The three main types of microbes present 
in cutting fluids are: acrobic bacteria (pri- 
marily the pseudomonas group), anaerobic 
bacteria (particularly the Desulfovibrio des- 
ulfuricans). and fungi (principally Fusarium 
and Cephalosporium). Candida (yeast) is 
also prevalent in fungi-containing cutting 
fluids. 

Anaerobic bacteria grow in the absence 
of oxygen. They usually grow more slowly 
than aerobic bacteria, but their growth can 
be very objectionable. Generally, they do 
not grow in a fresh. clean fluid, but will 
grow once the fluid has been attacked by 
the aerobic bacteria. When makeup is add- 
ed to an odoriferous coolant, momentary 
relief occurs until the aerobic bacteria break 
down the additive concentration: this re- 
sults in the formation of hydrogen sulfide 
(and the so-called Monday morning stink). 
Aerobic bacteria, the most aggressive and 








prevalent type found in cutting fluids, grow 
in the presence of air (oxygen). They are the 
principal cause of the biological deteriora- 
tion of the metal cutting fluid. The pseu- 
domonas bacteria attack oil and multiply 
rapidly in machines that leak lubricating and 
hydraulic oils. It is important to remove this 
oil if the leakage cannot be stopped. 
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TURNING is a machining process for gen- 
erating external surfaces of revolution by the 
action of a cutting tool on a rotating work- 
piece, usually in a lathe. Boring is this same 
action applied to internal surfaces of revolu- 
tion. In many instances, turning and boring 
are performed simultaneously or consecutive- 
ly in the same setup. This article discusses 
applications in which turning is the sole or 
major operation in a machining sequence. 





Process Capabilities 


Often other machining operations are per- 
formed in conjunction with turning. These 
include facing, longitudinal drilling. boring, 
reaming, tapping, threading, chamfering, 
and knurling. Common cutting tool modes 
used on turning equipment are shown in 
Fig. 1. Turning operations may be divided 
into two classes: those in which the work- 
piece is situated between centers, and those 
in which the workpiece is chucked or 
gripped at one end with or without support 
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Turning 


at the other end. Also, accessories can be 
obtained for milling, grinding, and cross 
drilling, although these operations are less 
frequently combined with turning. When 
more than two or three different operations 
arè performed on identical parts. it is usu- 
ally more practical to employ processes that 
use a single tool with the capability of 
performing two or more operations simulta- 
neously or consecutively. 

e and Shape of Workpiece. Avail- 
ability of equipment that can hold and rotate 
the workpiece is the major restriction on the 
size of the workpiece that can be turned. 
Turning is done on parts ranging in size 
from those used in watches to steel propel- 
ler shafts more than 25 m (80 ft) long. 
Aluminum parts (about one-third the densi- 
ty of steel or brass) over 3.0 m (10 ft) in 








diameter have been successfully turned. In 
actuality, the weight of the work metal per 
unit of volume may restrict the size of the 
workpiece that is practical to turn. Prob- 
lems in holding and handling increase as 
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Fig. | Bec operations performed on turning equipment. (a) Facing. (b) Straight turing. (c) Taper turning. (d) 
19. Grooving ond cutoff. (е) Threading. (f) Tracer turning. (9) Drilling. (h) Reoming. (i) Boring 





weight and size increase. Some large parts 
are turned in vertical boring mills, some of 
which are capable of machining up to a 54 
Mg (60 ton) workpiece. 

Sometimes the entire workpiece is so 
unwieldy that rotating is virtually impossi- 
ble. A notable example is in the turning of 
crankpin diameters on large crankshafts. 
This condition, however, usually can be 
overcome, and an acceptable degree of dy- 
namic balance obtained, by counterweight- 
ing. Counterweights may be attached either 
1o the spindle of the machine or to the work. 

Torque and Horsepower Requirements. 
Engagement of the cutting tool with the 
rotating work results in a tangential force 
that, for a specific work metal, tool shape, 
and feed rate, generally is independent of the 
cutting speed and directly proportional to the 
depth of cut. That force, multiplied by the 
surface speed of the workpiece, serves as a 
basis for calculating the net horsepower re- 
quired to remove metal from the piece being 
turned. Power required to move the tool 
longitudinally is usually negligible, with the 
exception of spade-drilling operations. 

Capacities of lathes range from fractional 
horsepower to more than 150 KW (200 hp) 
for vertical boring mills (see the article 
“Boring” in this Volume). 

The effects of composition and hardness 
of the work metal on power requirements 
for turning are illustrated in Fig. 2 for a tool 
setup which uses the identical feed and 
depth of cut on each work metal. Power 
requirements differ greatly for the different 
families of alloys, averaging about 4.55 х 
10 ^, 1.14 x 1075, and 3.64 х 1075 kW/ 
mm/min (0.1. 0.25, and 0.8 hp/in."/min) for 
magnesium alloys, copper alloys. and 
steels, respectively. As also shown in Fig. 
2, the power values increase with increasing 
hardness within each family of alloys, the 
rate of increase being greatest for cast irons 
and steels harder than 350 HB. Besides 
having significance for the design of lathes, 
these data on power requirements provide 
an indication of the relative ease and cost of 
turning various metals. 

The effect of cutting-tool design on power 
requirements is discussed in the section 
“Design of Single-Point Tools” in this arti- 
cle. The use of cutting fluids can have an 
indirect effect on power requirements 
through its effect on speed and feed. 

Depth of Cut, Feed, and Speed. To 
minimize the number of cuts required, the 
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Figg. 2 Effect of composition and hardness of work metal on horsepower requirements. Data plotted ore for 2.54 
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depth of cut should be as great as is consis- 
tent with the strength of the part and the 
chucking equipment, the power of the ma- 
chine tool. the strength and size of any 
cutting tool or carbide inserts when used, 
and the amount of stock to be removed. As 
the depth of cut is increased, the cutting 
force becomes larger. This must be limited 
to a value that will not distort the part, pull 
it from the chuck, or overload the machine. 
Depth of cut ordinarily ranges from a few 
mils to about 6.4 mm (A in.), but can be 25 
mm (1 in.) or more in roughing cuts on large 
pieces. 

The feed depends on the finish desired 
and the strength and rigidity of the part and 
the machine. Feed in most applications var- 
ies from 0.13 to 0.51 mm/rev (0.005 to 0.020 
in./rev). Finishing cuts require a light feed 
and may be at 0.025 mm/rev (0.001 in./rev) 
or less; roughing cuts on large workpieces 
are often taken at a feed rate of 6.35 mm/rev 
(0.25 in./rev) or more, Cutting speed de- 








6°, 6°, 0°, Yos in., except on aluminum, for which tool geometry was 20°, 40", 10°, 10°, 10°, 15°, 


pends primarily on workpiece hardness and 
tool material. 


Basic Lathe Components 


An engine lathe basically consists of a bed 
{including two ways). a headstock, a tail- 
stock, a compound slide (carriage), à cross 
slide, a tool holder mounted on the cross slide 
or top slide, and a source of power for rotat- 
ing the workpiece (see Fig. 3). Most engine 
lathes also incorporate a lead screw that 
moves the compound slide uniformly along 
the bed. When used for thread-cutting 
operations, a rack and pinion drive is typ- 
ically used for normal feeding of the work- 
piece. 

Engine lathes are available with an almost 
infinite number of modifications and also 
have served as the basis for another group 
of machine tools that includes turret lathes 
and single-spindle or multiple-spindle bar 
and chucking machines. 





Regardless of other modifications, engine 
lathes are provided with only two types of 
headstocks or work drivers, that is, chuck- 
ing and centering. The chucking type of 
headstock incorporates a work-holding de- 
vice that grips the workpiece. thus provid- 
ing centering and clamping for positive ro- 
tation. This type is most often used for 
turning c: gs or forgings or for the cutoff 
of short sections of bar stock without using 
centers. 

In a lathe having the centering type of 
headstock, the workpiece is secured between 
a pointed center in the headstock and a coun- 
terpart center in the tailstock. The workpiece 
is gripped for rotation by means of a drive 
dog, which locks into the face plate or a 
compensating work driver. The centering 
type is most commonly used for turning long, 
symmetrical workpieces, such as shafts. In 
common practice, the workpiece is turned for 
most of its length, after which the drive dog is 
removed, the workpiece reversed and the 
operation completed, 


Lathe Size 

It is common practice to specify the size 
of an engine lathe by giving the swing 
(maximum diameter of workpiece over the 
ways) and distance between centers when 
the tailstock is flush with the end of the bed, 
The maximum swing over the ways is usual- 
ly greater than the nominal swing. The length 
of the bed is frequently given to specify the 
overall length of the bed. A lathe size is 
indicated thus: 356 mm (14 in.) (swing) by 
762 mm (30 in.) (between centers) by 1.8 m (6 
ft) (length of bed). Lathes are made for light, 
medium, or heavy-duty work. 


Methods of Control 

Regardless of size and design, lathes are 
classified by method of control in operation, 
that is, manual, semiautomatic, or automat- 
ic. 














Manual lathes have no automatic con- 
trols; all operations are controlled by the 
operator. Manual lathes arc most common- 
ly used for three kinds of applications: 





* Machining one or, at most, fewer than a 
dozen small parts 

* Producing prototypes in model shops or 
toolrooms 

* Turning large components for which one 
turning cut may require one or more 
hours 


For turning the same workpieces, setup 
time for manual operation is low compared 
to that for semiautomatic or automatic op- 
eration. Axis digital readouts. both in En- 
glish and metric units, are now being used 
to improve the accuracy and efficiency of 
engine lathes. 

Semiautomatic lathes may vary consi 
erably in the degree to which the operation 
has been automated. However, all semiau- 
tomatic machines require some operator 
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Fig. 3 Principal components and movements of a lathe 


attention. during the machining cycle (in 
addition to loading and unloading). In some 
instances, the operator may be required 
only to initiate the action of a cross-slide 
tool at a specific point in the operation. In 
other instances, the operator may have to 
stop the cycle, remove the drive dog, and 
reverse the workpiece for the next opera- 
tion in a sequence. Setup time for a semi- 
automatic lathe is greater than for a manual 
lathe but is less than for an automatic lathe. 
Many semiautomatic lathes are now being 
equipped with tracing attachments. 

Automatic lathes require no operator 
attention during the machining cycle. With 
most types, however, workpieces are load- 
ed and unloaded manually. Also, the cycle 
is started manually, but the operations are 
completed (and the machine is stopped) 
automatically. 

For turning several diameters on a work- 
piece that cannot be placed between the 
lathe centers but can be secured on an 
arbor, a logical procedure is: 














* Operator assembles workpiece on arbor 

* Operator places loaded arbor in lathe and 
touches start button 

* Machining operations take place in a pre- 
determined sequence, and lathe stops au- 
tomatically 


During the machining cycle, the operator 
prepares another workpiece-and-arbor as- 


sembly to permit immediate reloading. It is 
often possible (depending on the time con- 
sumed in the machining cycle) for one op- 
erator to run two machines. Minimizing 
the operator's interaction with the ma- 
chine allows the operator to perform other 
important functions as the machine is cy- 
cling. 

For some high-production operations, au- 
tomatic lathes that incorporate automatic 
loading and unloading devices are available, 
thereby allowing one operator to handle two 
or more machines. In all instances, setup 
time is greater for automatic lathes than for 
manual or semiautomatic types. 


Lathe Classification 


A suitable classification of these machines 
is difficult because there are so many varia- 
tions in the size, design, method of drive, and 
application. Most lathes are designated ac- 
cording to some outstanding design charac- 
teristic: speed lathes, engine lathes, bench 
lathes, toolroom lathes, special-purpose 
lathes, turret lathes, automatic-turning ma- 
chines, and modifications of these types. 





Speed Lathes 

The speed lathe, the simplest of all lathes, 
consists of a bed, a headstock, a tailstock, 
and an adjustable slide for supporting the 
tool. Usually it is driven by a variable-speed 
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motor built into the headstock, although the 
drive may be a belt to a step-cone pulley. 
Because hand tools are used and the cuts 
are small, the lathe is driven at high speed 
(spindle speeds up to 4000 rev/min are typ- 
ical), with the work either held between 
centers on a chuck or attached to a face 
plate on the headstock. 

The speed lathe is principally used for 
turning wood for small cabinet work or for 
patterns, and for centering metal cylindrical 
parts prior to further work on the engine 
lathe. In the latter operation, the center drill 
is held in a small chuck fastened to the 
headstock, and the work is guided to the 
center drill either by a fixed center rest or 
by a movable center in the tailstock. Metal 
spinning is done on lathes of this type by 
rapidly revolving a stamped or deep-drawn 
piece of thin, ductile metal and pressing it 
against a form by means of blunt hand tools 
or rollers. 


Engine Lathes 

The engine lathe derives its name from 
the early lathes, which were powered by 
engines. It differs from a speed lathe in that 
it has additional features for controlling the 
spindle speed and for supporting and con- 
trolling the feed of the fixed cutting tool. 
There are several variations in the design of 
the headstock through which the power is 
supplied to the machine. 

Step-Cone Pulley Drive. Light- or medi- 
um-duty lathes receive their power through 
a short belt from the motor or from a small 
cone-pulley countershaft driven by the mo- 
tor. The headstock is equipped with a four- 
step-cone pulley, which provides four dif- 
ferent spindle speeds when connected 
directly from the motor countershaft. In 
addition, these lathes are equipped with 
back gears which, when connected with the 
cone pulley, provide four additional speeds. 

Geared-Head Drive. The spindle speeds 
of this lathe are varied by a gear transmis- 
sion, the different speeds being obtained by 
changing the gear trains through the position- 
ing of levers on the headstock. Such lathes 
are usually driven by a constant-speed motor 
mounted on the lathe, but in a few cases 
variable-speed motors are used. A geared- 
head lathe has the advantage of a positive 
drive and has a greater number of spindle 
speeds available (typically 8, 12, 16, and 24) 
than are found on a step-cone driven lathe. 

Heavy-duty models range in size from 
305 to 610 mm (12 to 24 in.) swing and from 
610 to 1220 mm (24 to 48 in.) center distanc- 
es, with swings up to 1270 mm (50 in.) and 
center distances up to 3.7 m (12 ft) being 
common. 


Bench Lathes 

The name bench lathe is given to a small 
engine lathe that is mounted on a work 
bench. In design it has the same features as 
speed or engine lathes and diífers from 
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these lathes only in size and mounting. It is 
adapted to small work, having a maximum 
swing capacity of 255 mm (10 in.) at the face 
plate. Many lathes of this type are used for 
precision work on small parts. 


Toolroom Lathes 

This lathe, the most modern engine lathe, 
is equipped with all the accessories neces- 
sary for accurate tool work, being an indi- 
vidually driven geared-head lathe with a 
considerable range in spindle speeds. It is 
often equipped with center steady rest, 
quick-change gears, lead screw, feed rod, 
taper attachment, thread dial, chuck, indi- 
cator, draw-in collet attachment, and a 
pump for a coolant. All toolroom lathes are 
carefully tested for accuracy and, as the 
name implies, are especially adapted for 
making small tools, test gages, dies, and 
other precision parts. Their beds frequently 
are shorter than ordinary engine lathes hav- 
ing comparable swing dimensions because 
they are usually used for machining rela- 
tively small parts. 





Special-Purpose Lathes 

Several types of special-purpose lathes 
are made to accommodate specific types of 
work. These include wheel lathes, hollow- 
spindle lathes, and gap-frame lathes. 

Wheel lathes permit the turning of jour- 
nals and wheel treads of railroad car wheel 
and axle assemblies. A special headstock 
drives the assembly at a point between the 
two wheels. 

Hollow-spindle lathes permit the load- 
ing of tubular or shaftlike workpieces 
through a hollow spindle in the rear of the 
headstock. Workpieces may then be ex- 
tended as required through the headstock 
into the work area, gripped by jaw-type 
holders. With this type of lathe, the ends of 
long members can be turned without the 
need for a lathe long enough to accommo- 
date the entire length of the workpiece 
between centers. The distance that the 





machine saddle movement. (c) Slide tracer type 


workpiece may extend from the rear of the 
headstock is virtually unlimited. However, 
for safety reasons, the workpiece must be 
supported or contained because as the un- 
supported length becomes. unwieldy and 
dangerous, steady rests or some other 
means of outboard support/containment 
must be provided. Hollow-spindle lathes 
often are referred to as oil-country lathes, 
because of their extensive use for turning 
sections of long members such as drill pipes 
and sucker rods. 

Gap-frame lathes, sometimes called 
gap-bed lathes, have been modified to pro- 
vide greater diametral clearance adjacent to 
the headstock. With a gap-frame lathe, 
workpieces that require off-center mounting 
or that have irregular protrusions can be 
turned by using this additional clearance. 
Otherwise, a larger lathe would be required 
10 rotate the same workpiece. However, 
this does not mean that the gap-frame lathe 
can turn the extremes of any workpiece that 
can be accommodated by the larger clear- 
ance. Travel of the compound slide is re- 
stricted to the length of the ways. There- 
fore, as the slide approaches the headstock, 
it is stopped at the gap, which may not be as 
far as desired. This disadvantage can be 
partly overcome by the use of accessories 
that permit further travel of the tool from 
the compound slide. However, volves 
tool overhang and decreases rigidity. 

Duplicating lathes include copying, trac- 
er. profiling, numerical-control, and contin- 
uous-path turning lathes. All are versatile 
production machines, and all are adaptable 
to the turning of external and internal con- 
tours. Tracer and numerical-control lathes 
are the most commonly used types of dupli- 
cating lathes. Each employs a different ac- 
tuating system to guide the single-point cut- 
ting tool that generates the desired profile as 
the workpiece is rotated. 

Specially designed lathes known as T 
lathes are used to turn large diameters. 
These lathes have their carriage ways run- 








ning parallel to the face of the chuck or at 
right angles to the headstock spindle center- 
line. 

Tracer Lathes. With tracer equipment, 
the tool slide is controlled by means of a 
sensitive stylus, usually servo-actuated hy- 
draulically, which follows an accurate tem- 
plate (see Fig. 4). The two- or three-dimen- 
sional template may be a finish-turned 
workpiece or a profile cut from a flat, thin 
steel plate. 

Tracer equipment is available either as 
units to be attached to standard lathes or as 
complete, specially engineered machine 
tools. The combinations of feeds, speeds, 
and number of cuts that can be accom- 
plished automatically are almost unlimited. 
For instance, some tracer lathes can be set 
up to make six or more passes to permit 
roughing, semifinishing, and finishing. 
These cuts may be coordinated with three 
or more automatic changes of speed or feed, 
or both, during one machining cycle. 

‘Tracer lathes can be equipped with two 
tracer units to operate from both ends or 
both sides of a workpiece, for completely 
turning the part on one machine. Often, 
however, limitations caused by the physical 
angle of approach of the tool do not allow 
one tool or tracer unit to completely ma- 
chine the workpiece. A fully equipped trac- 
er lathe incorporates one or more cross 
slides for use in rough or finish facing. back 
chamfering, grooving, or undercutting. Op- 
tional equipment includes automatic-posi- 
tioning steady rests and an automatic-index- 
ing tool head that contains both roughing 
and finishing tools. 

Numerical-control (NC) lathes differ 
from hydraulically controlled tracer lathes 
primarily in that their cutting tools are con- 
trolled electronically. All tool movements 
during cuts, as well as all tool indexing, 
cross-slide operations, and changes of 
speed and feed, are pre-engineered and pro- 
grammed on a punched tape for electronic 
control of all machine movements. Advan- 
tages of the NC lathe include low inventory 
of tooling (no templates are required, for 
example) and fully controlled cutting condi- 
tions (because speed and feed changes, for 
example, can be made only by reprogram- 
ming and/or punching a new tape according- 
ly). 

For copying work, NC lathes have the 
capability of machining any cylindrical form 
without the need for a template. However, 
compared to tracer lathes, NC machines 
can be quite expensive. 














Turret Lathes 

A turret lathe is a manual lathe having à 
hexagonal tool-holding turret in place of the 
tailstock of an engine lathe. The headstock 
in most cases is geared with provision for 6 
to 16 spindle speeds and may double this 
capability with a two-speed motor. Some 
turret lathes are designed and equipped for 
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working on barstock und are called bar-type 
machines. The name screw machine or 
hand screw machine has been used for such 
machines, particularly in the smaller sizes. 
Other turret lathes are equipped for chuck 
work. 

Horizontal Turret Lathes. The name tur- 
ret lathe alone ordinarily implies a horizon- 
tal spindle machine. This type of lathe is 
made in two general designs, known as ram 
and saddle. 

A ram-type turret lathe carries the turret 
on a ram (Fig. 5a). The ram slides longitu- 
dinally on a saddle positioned and clamped 
on the ways of the bed. Tools in their 
holders are mounted on the faces of the 
turret, and the tools on the face toward the 
headstock are fed to the work when the ram 
is moved to the left. When the ram is 
withdrawn, the turret indexes, and the next 
face, called a station, is positioned to face 
the headstock. 

A ram is lighter and can be moved more 
quickly than a saddle, but lacks some rigid- 
ity. Because of convenience and speed. 
the ram-type construction is favored for 
small- and medium-size turret lathes for 
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which the ram does not have to overhang 
excessively. 

Saddle-Type. The hexagonal turret of a 
saddle-type turret lathe is carried directly 
ona saddle that slides lengthwise on the bed 
(Fig. 5b). This construction is favored for 
large turret lathes because it provides good 
support for the tools and the means to move 
the tools a long distance when necessary. 
"The saddle is moved toward the headstock 
by hand or power to feed the tools to the 
work and is withdrawn to index the turret. 

The turret is fixed in the center of thc 
saddle on some machines. On others it may 
be moved crosswise. This helps reduce tool 
overhang for machining large diameters and 
is helpful for taper or contour boring and 
turning. 

Most saddle-type turret lathes have a side 
hung carriage that does not extend across 
the entire top of the bed and allows larger 
pieces to be swung. As a result, the rear tool 
station on the cross slide is lost. 

Workpiece Capacity. Turret lathes of the 
ram type are built in a wide range of sizes, 
and saddle-type machines are built in still 
larger sizes. Generally, ram-type turret 








Principal components and movements of horizontal turret lathes. (а) Rom type. (b) Detail of turret movement in ram type. (c) Saddle type. (d) Detail of turret movement 


lathes will produce bar parts up to 76 mm (3 
in.) in diameter and chucking work up to 
approximately 508 mm (20 in.) in diameter; 
ram slide stroke lengths range from 102 to 
330 mm (4 to 13 in.). Standard saddle-type 
turret lathes can handle bar work up to 305 
mm (12 in.) in diameter and chucking work 
up to approximately 915 mm (36 in.) in 
diameter. 

The newer machines not only are made 
more rigid and powerful, they embody more 
automatic features. Some have speed and 
feed calculators, rapid traverse on longitu- 
dinal and cross feed, higher turning speeds. 
and automatic pressure lubrication. 

Figure 6 illustrates the complex configu- 
rations which can be machined on a turret 
lathe. More information on turret lathes can 
be obtained in the article **Multiple-Oper- 
ation Machining" in this Volume. 

Vertical Turret Lathes. With these lathes, 
the work is mounted on a rotating table, and 
the tools are mounted on vertical rams or 
turrets. Vertical turret lathes are used pri- 
marily for short, heavy, large-diameter 
workpieces. They are also ideal for light- 
weight but bulky parts. Controls are usually 
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0762 turn by sliding levers or turning dials, as on an 
TT engine lathe, but by removing and replacing 
ix i acid ü TR OW Yen eund Grind | овоз Grind pick-off gears. The multiplicity of tools 








must be set with respect to each other as 
well as to the machine. In some cases, 
common practice is to preset the tools in 
blocks off the machine. The blocks then go 
into position quickly on the machine at 
setup time, and machine downtime is saved. 
Setup time may be less than an hour in 
favorable cases in which few changes are 
needed between jobs, but normally change- 
over takes several hours, and not infre- 
quently up to a day or more, compared to а 
few minutes on an engine lathe. Careful 
scheduling to run similar jobs in succession 
can save changeover time. Although setup 
lime is long, an automatic machine has the 
advantage when cutting because it is fast 
and often able to make up the time lost in 
setup in less than 100 pieces. 
A basic mechanical device for driving 
tool slides and other units is the cam. Some 
z machines require à set of cams for cach job. 
The shape of each cam programs one or 
1 more movements. Because the operation is 
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automatic (plugboard or cam) but can also 
be manual or numerical control. 

Vertical turret lathes are more convenient 
for short, heavy pieces over about 457 mm 
(18 in.) in diameter because the work can be 
laid upon the table and fastened more easily 
than hung on the end of the spindle ofa 
horizontal turret lathe. A turret on a vertical 
turret lathe is carried on a ram on a crossrail 
above the worktable and can be fed up or 
down or crosswise. There is also a side 
head, essentially a carriage and cross slide, 
alongside the table with a square turret that 
can be fed radially and parallel to the axis of 
the table. 

The line of machines of one leading man- 
ufacturer is typical; indexing turrets are 
available with table capacities to 3.7 m (12 
ft) in diameter. Larger sizes, and smaller 
sizes, too, if desired, have single-tool rams; 
there are normally two rams on the cross- 
rail. These larger machines are called ve: 
cal boring mills (see the article "Boring" in 
this Volume) and are available in sizes up to 
18 m (60 ft) in diameter. They perform 
turning, facing, boring, and grooving oper- 
ations of huge, fairly round, and symmetri- 
cal pieces such as reduction gear housings 
and turbine casings. 

A typical vertical turret lathe has a 1.4 т 
(55 in.) diam swing and a 65 kW (87 hp) 
drive. Typical vertical boring mill specifica- 











A typical part made on a turret lathe and the cutting components on the turret. After опе operation is 
completed, the Turret rototes and performs the next operation. Note the various operations performed 


tions include 2.3 m (90 in.) diam capacity, 
1.7 m (67 in.) maximum work height, 15 Mg 
(33 000 Ib) maximum workpiece weight, and 
a 90 kW (120 hp) power rating. 


Avtomatic Turning Machines 


A machine that moves the work and tools 
at the proper rates and sequences through a 
cycle without the attention of an operator to 
perform an operation on one piece is com- 
monly called an automatic. Strictly speak- 
ing, the machine is a semiautomatic if an 
operator is required to load and unload the 
machine and start each cycle. Often an 
operator can do this for scveral machines in 
à group. Workpieces may come to à fully 
automatic machine on a conveyor or an 
operator may load a magazine or hopper at 
intervals. Automatic machines are widely 
used for drilling, boring, milling, broaching, 
grinding, and other operations (see the Sec- 
tion “Traditional Machining Processes" in 
this Volume). Automatic turning machines 
are made massive, rigid, and powerful to 
drive cutting tools at their highest speed and 
get the most from gangs of tools and multi- 
ple and combined tooling. 

Automatic machines intended for large 
lots of pieces and infrequent changeover are 
not usually designed for quick setup. For 
instance, speeds and feeds are not changed 











automatics). One kind has a permanent set 
of cams that act through adjustable linkag- 
es. Without cams, activities are carried out 
through adjustable electro- and hydrome- 
chanical devices. 

A different kind of automatic operation is 
numerical contro! (NC), in which the pro- 
gram is expressed in numbers that are fed 
into the controller to make the machine go 
through the steps of a desired ‘operation. 
Leading kinds of automatic turning ma- 
chines are presented here under the cl. 
fications of automatic lathes, and single- 
spindle and multiple-spindle automatic bar 
and chucking machines. 

Automatic lathes have the basic units of 
simple lathes: bed, headstock, tool slides, 
and sometimes a tailstock. In addition, an 
automatic lathe drives the tools through all 
the steps of a cycle without operator atten- 
tion once the machine has been set up. The 
workpiece is rotated between centers. The 
tools are carried on blocks on the front and 
rear slides. The front slide is traversed 
along the bed, and the tools in this case 
make straight cuts along the workpiece, 
retract at the end of the cut, and are with- 
drawn to the starting position. The rear tool 
slide typically feeds the tools toward the 
center of the workpiece for facing, necking, 
grooving, and forming, but can be given а 
sideways movement to relieve the tools at 
the end of a cut 

All automatic lathes perform basically 
similar functions, but they appear in a vari- 
ety of forms. Many have no tailstock. Some 
models have one slide, and others have two 
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Fig. 7 Common shapes ond standard angles of single-point tools 


or three. Some slides move in one direction 
only; others move in two directions. Some 
machines have level tool slide ways: others 
have sloping ways, and some have over- 
head slides for additional tools. Some slides 
are fed by screws, others by hydraulic or 


air-hydraulic means. and still others entirely 
by cams and templates. There are hori- 
zontal and vertical models according to 
spindle position. Some automatic lathes 
have two or three work spindles so that 
two or three sets of tools can perform the 
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same cuts on two or three workpieces at 
once. 

Automatic lathes, particularly vertical 
machines, without tailstocks are commonly 
called chucking machines, or chuckers. The 
distinguishing feature of this automatic 
lathe type is that all the tools cut the work- 
piece substantially at the same time. On the 
other types also called chucking machines, 
a series of groups of tools or single tools are 
applied to each workpiece. On the other 
hand, a type called precision production bor- 
ing machines, like automatic lathes, makes a 
number of cuts at one time. The distinction is 
generally that its movements are in one direc- 
lion, while the movements on automatic 
lathes are in two or more directions. Detailed 
information on automatic lathes is available in 
the article " Multiple-Operation Machining ^ 
in this Volume. 

Automatic Bar and Chucking Ma- 
chines. Automatic machines for internal and 
external operations on barstock have been 
called automatic screw machines for years, 
but the term automatic bar machines is now 
preferred because screws are seldom made 
on them any more. Their counterparts for 
individual pieces are called automatic chuck- 
ing machines. They can be further catego- 
rized as single-spindle, Swiss-Lype screw ma- 
chine, or multiple-spindle automatics. 

Single-spindle automatics are often re- 
ferred to as single-spindle automatic bar and 
chucking machines. In essence, they are 
small cam-operated turret lathes. The dis- 
tinguishing features of these machines are 
the positions of the turret and tool mount- 
ings. The automatic screw machine has 
front, top. and rear slides that are fed at 
predetermined rates by means of disk cams. 
These are designed to handle work ranging 
from watch staffs to bars approximately 200 
mm (7% in.) in diameter and chuck work 
over 305 mm (12 in.) in diameter. 

Swiss-type automatic screw machines 
have five radially mounted tools that are 
cam-controlled. The stock can be fed is 
being cut, making any desired cylindrical 
shape possible to generate. This type of 
lathe is especially good for turning out 
small-diameter instrument parts. The accu- 
racy on small parts can be maintained to 
+0.013 mm (30.0005 in.). 

Multispindle Automatics. Instead of having 
only one spindle, as on the engine lathe, four, 
x. or eight spindles may be used. These are 
igh-production machines. Production quan- 
tities may range from 5000 to over 100 000 
parts. Stock may be in bar (up to 150 mm, or 
6 in., diam) or piece form. In the latter case, 
the lathes are called chucking machines. 














Lathe Attachments and 
Accessories 


Attachments that increase the capabi 
of engine lathes include those below. 
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Grinding attachments of several types 
and sizes make it possible to perform many 
grinding operations without removing the 
workpiece from the lathe. These attach- 
ments, however, do not provide the rigi 
ity of grinding machines, and light grinding 
cuts therefore are advisable with attach- 
ments. 
ling attachments permit keyway cut- 
ting, T-slotting, dovetailing, angle milling. 
and thread milling. With one type, the cutter 
is held in the headstock. and the workpiece is 
held and correctly positioned by a device 
attached to the cross slide. With another, the 
cutter and driving arrangement are mounted 
‘on the cross slide, and the workpiece is held 
between the lathe centers. 

Taper attachments are controlled by a 
guide to which the cross slide is attached. 
This guide is adjustable to various angles to 
permit turning or boring of tapers on the 
workpiece. 

Turret attachments of several types mày 
be added to engine lathes to provide them 
with some of the multiple-operation versa- 
tility of turret lathes. 








Ball-turning rests replace the compound 
slide and enable turning or boring of spher- 
ical shapes. 

Contouring attachments follow a flat or 
three-dimensional template or sample part 
by means of a servomechanism that posi- 
tions the tool for the turning of shafts, radii, 
or irregular shapes. 


Single-Point Cutting Tools 


Although form tools ground to specific 
shapes are frequently used to produce con- 
tours on workpieces when tool travel is 
limited to straight-line movement, most 
metal removal in lathe turning is accom- 
plished with single-point tools. 

Single-point tools may be produced from 
a solid bar of tool steel by grinding the 
appropriate cutting edge on one end (Fig. 
7a), or they may be made of less-costly 
stock and provided with a tip, or insert, of 
carbide or other cutting material (Fig. 7b). 
The insert may be held in place mechanical- 
ly or by brazing, soldering, or welding. 
Brazed, soldered, or welded inserts are 


shows how back rake angle, side rake angle, 
end relief angle, side relief angle, end cut- 
ting-edge angle, side cutting-edge angle, and 
nose radius are related in order to aid engi- 
neers in designing single-point cutting tools. 

Back rake angle (BR) is the angle be- 
tween the cutting face of the tool and the 
shank or holder, measured parallel to the 
side of the shank or holder. The angle is 
positive if, as shown in Fig. 7, it slopes from 
the cutting point downward toward the 
shank, and negative if it slopes upward 
toward the shank. 

Side rake angle (SR) is the angle between 
the cutting face of the tool and the shank or 
holder, measured perpendicular to the side 
of the shank or holder. The angle is positive 
if. as shown in Fig. 7(c), it slopes downward 
away from the cutting edge to the opposite 
side of the shank, and negative if it slopes 
upward. 

End relief angle (ER) is the angle between 
the end face of the tool and a line drawn 
from the cutting edge perpendicular to the 
base of the shank or holder and usually is 
measured at right angles to the end cutting 
edge. 





Side relief angle (SRF) is the angle be- 
tween the side flank immediately below 
the side cutting edge and a line drawn 
through the side cutting edge perpendicu- 
lar to the base of the tool or tool holder and 
usually is measured at right angles to the 
side flank. 

End cutting-edge angle (ECEA) is the 
angle between the end cutting edge of the 
tool and a line perpendicular to the side of 
the shank. 

Side cutting-edge angle (SCEA), also 
called lead angle, is the angle between the 
side cutting edge and the projected side of 
the shank or holder. 

Nose radius (NR) is the radius on the tool 
between the end and the side cutting edges. 

The conventional order in which these 
angles are listed in specific identifications 
(the tool signature) is given in Table 1. It 
should be noted that the nine-digit tool 
signature shown in Table | applies to brazed 
and inserted tools; a 7-digit tool signature in 
which both the end clearance and side clear- 
ance angles are omitted is used to describe 
tool geometry for solid tool bits. 

On a single-point tool that feeds to the 
side, the back rake (sometimes called top 
rake) turns the chip away from the finished 
work and gives the tool a slicing action. 
Zero back rake makes the chip spiral more 
tightly, whereas a positive back rack 
stretches the spiral chip into a longer helix. 

Side rake controls the thickness of thc 
tool behind the cutting edge. A thick tool 
associated with a small rake angle provides 
maximum strength, but the small angle pro- 
duces higher cutting forces than a larger one 
(Fig. 8). 

The end relief angle (also called front 
Clearance) provides clearance between the 
tool and the finished surface of the work. 
Wear reduces the angle. If the angle is too 
small, the tool rubs on the surface of the 
work and mars the finish. If the angle is too 
large, the tool may dig into the work and 
chatter, or show weakness and fail through 
chipping. If the tool is set above the center 
of rotation, effective end relief angle is 
reduced; this must be considered in choos- 
ing the value. 

The side relief angle provides clearance 
between the cut surface of the work and thc 
flank of the tool. Tool wear reduces the 
effective portion of the angle close to the 
work. If this angle is too small, the cutter 
rubs and heats. If it is too large, the cutting 
edge is weak, and the tool may dig in, 
particularly with a large side rake angle or 
with play in the feed mechanism. When 
threads or other helices are being cut. the 
effective side relief angle is reduced by the 
helix angle, which should be added to the 
recommended angle. 

The end cutting-edge angle provides 
Clearance between the cutter and the fin- 
ished surface of the work. An angle too 
close to zero may cause chatter with heavy 
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Fig. 9 ТРО! chip breokers for turning tools. (a) 
9. 9 Derails of à typical ground-in chip brecker. 
(b) Parallel ground-in chip breaker. (с) Angular ground- 
in chip breoker. (d) Grooved chip breaker on carbide. (e) 
Mechanically held chip breaker for carbide insert. Di- 
































Speed, m/min (sfm) 64 (250) 

Feed, mm/rev (in./rev) ..... 0,68 (0.011) 

Metal removed per cut, mm Gn.) .. 4.8 (3/16) 

Cutting fluid 1... Mixture of soluble 
oil and water 

Workpiece hardness, HB 140-170 


Note: Har stock was turned on a turret lathe with spindle capacity 
‘of ST mm (2 а.) A standard carbide-tipped box tool was mounted 


Ín the turret. 
Fi 10 Box tool and (a) improperly designed 

9. chip-curling groove and (b) improved de- 
sign. Dimensions in figure given in inches. 





feeds, but for a smooth finish the angle on 
light finishing cuts should be small. 

The side cutting-edge angle turns the chip 
away from the finished surface. If this angle 
is enlarged, the h of the chip is in- 
creased inversely with the cosine of the 
angle, and the chip thickness is reduced 
proportionately. 

The nose contour, normally specified as a 
radius, removes the fragile corner of the 
tool, prolongs tool life, and improves finish. 
The radius may be large for maximum 
strength or for rough-cutting tools, but it 
may be reduced for light feeds. A radius too 
large may cause chatter, but the larger it is 
without chattering, the better the finish. 
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Tool design influences the power re- 
quired at the tool point for turning. The 
effects of three tool angles and the nose 
radius are plotted in Fig. 8; the side rake 
angle has the greatest effect. 

Tool design is particularly important in 
tracer lathe turning, for which only one tool 
is used to make all cuts. Because the mini- 
mum number of passes is desirable, so is the 
fastest rate of metal removal that is compat- 
ible with maintenance of dimensional and 
finish requirements. The use of only one 
cutting tool imposes severe restrictions on 
the shape of the tool. A tool often must be 
provided with a —3° side cutting-edge angle 
and a 30° minimum end cutting-edge angle, 
resulting in a weak structure at the nose of 
the cutting edge. For this reason, heavy 
feed forces often must be avoided, if they 
have not already been ruled out because of 
required finish. Thus, surface speed be- 
comes the criterion for determining maxi- 
mum rate of metal removal, and the design 
of the cutting tool becomes vitally impor- 
tant in obtaining maximum metal removal 
and tool life. Increasing the surface cutting 
speed increases tool temperatures and re- 
sults in premature tool wear. 

Cutoff Tools. Successive pieces of 
turned, faced, or bored work frequently are 
separated or cut away by a radially plunging 
tool. Providing a front angle of about 15° on 
parting tools minimizes the size of the teat 
on the piece as it breaks off; this is not done 
with thin cutoff blades because the resulting 
lateral force might cause the parting tool to 
lead sidewise. 

Chip Breakers. In most turning, it is 
preferable to break chips into small pieces 
rather than permit them to form a continu- 
ous chip because: 








* Broken chips can be flushed away more 
readily by the cutting fluid, thus avoiding 
tangling of stringy chips in the machine 

е Small, broken chips аге more easily han- 
dled and stored 

е Broken chips permit better lubrication 
and cooling by the cutting fluid, thereby 
increasing tool life 





Chips are broken by one of two methods: 
The chip may be bent to the limit of its 
ductility, or it may be jammed into a tight 
corner as it leaves the workpiece. The sec- 
ond method is seldom recommended. 

In lathe turning, chips ordinarily curl 
across the face of the cutting tool. In some 
instances, particularly with brittle metals, 
chips break as they are deflected by the tool 
face. When heavier cuts are taken by in- 
creasing the feed, the thicker chip may 
break as it impinges against the tool face. 
Where the cut may not be made heavier, or 
the chip does not break by deflection, the 
tool must be provided with a chip breaker. 
Chip breakers may either be ground into the 
tool or they may be separate additions to 
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Table 2 Nominal speeds and feeds for turning a variety of steels and cast irons with high-speed steel (HSS) 


single-point and box tools 







































































1 High-speed steel tool 3 
Hardness, Depth of ut [- Feed i T Tool material i 
Material HB Condition mm dm. mi mires inrev о AISI 
Carbon steels, wrought 
Low carbon 
1005 1010 — 1020 125-175 Ны rolled. normalized, 1 004 46 150 0.18 0.007 
1006 1012 1023 annealed, or cold drawn 4 0.150 38 125 0.40 0.015 
1008 1015 1025 з 030 30 10 0.50 0.020 
1009 1017 в 095 24 8 075 0.030 
Medium carbon 
1030 1042 1053 125-175 Hot rolled. normalized, 1 000 4 но 0.18 0.007 
1033. 1043 1055 annealed. or cold drawn — 4 — 0.180 — 35 IIS 0.40 0.018 
1035 1044 1525 з ою 2 № 050 0.020 
1037 1045 1526 6 0625 П о 0.75 0.030. 
1038 1045 1527 
1039 1049 
1040 — 1050. 
Alloy steels, wrought 
Medium carbon 
1330 4115 8625 275-325 Normalized or quenched 1 омо 9 9% 0.18 0.007 Sa) — TIS, M42) 
135 417 8627 and tempered 4 cin 8 7 0.40 0015 51а) Маза) 
4027 4427 — 6M) в ою ж е 0.50 0020 59. 5110) Мада) 
4028 4626 #037 
4022 5140 94830 
4037 51 
4130 SAS 
Medium carbon 
1MO 4340 — RIBAS 175-225 Hot rolled. 1 ош оа 135 0.18 0007 54,55 м2, M3 
1345 50840 8640 cold drawn 4 oiw 32. 105 040 0015 — S4, M2, M3 
4042  SOB44 зы? в олю 24 в 0,50 0.020 54. SS M2, M3 
4047 5046 BAS 16 0625 X 6 0.75 0.030 M2, M3 
4140 50B46  S6B4S 
442 S140 740 
4145 5145 882 
4147 5147 
Low carbon 
4012 4621 225-275 Hot rolled, normalized, | ош м 10 оля 000 54, 55 м2. M3 
4023 4718 orcolddrawn 4 0150 — 26 Ж 040 0.015 
4004 4720 * ою 23 65 0.50 0.020 
апа 4815 в 0625 15 SO 0.75 0.030 
4100 4817 
4419 4820 
ac 5015 
4615 5115 
4617 5120 
4620 6118 
High-strength steels, wrought 
юм 98BV40 225-30 Annealed 1 000 % % 0.18 0.007 
40У Ювас 4 оф 0 6 040 0.015 
4MO Hill з ою 15 5% 0.50 0.020 
434091 НІЗ 16 0625 12 40 0.75 0.030 
Stainless steels, wrought 
Austenitic 
201 304L MN 135-185 Annealed 1 000 34 10 0.18 0.007 
020 X5 м 4 ow 27 9% 040 0.015 
Wi 308 385 з 030 2 7 0.50 0.020 
x2 01 16 0625 17 55 0.75 [D 
эм м7 
Martensitic 
403 422 135-075 — Annealed 1 000 47 155 ол 0,007 
о so 4 0190 38 125 0.40 0.015 
бо 502 к 030 W 100 0.50 0.020 
w 0625 M 80 075 0.030 
Gray cast irons 
Pearlitic 
ASTM A48: classes 30, 35, 40 190-220 — Алсам 1 000 37 1% 0.18 0.007 TIS, Маа) 
SAE 3c: grade GIMO 4 050 24 90 040 0015 TIS, Мал) 
з ою ж 65 0.50 0.020 TIS, Мада) 
6 065 17 5 0.75 0.030 TIS, Маа) 


Gay Any premium HSS., (TIS. M33, MAI-M4T) or (59-5125, sfm. surface feet per minute. Source: Metcur Research Associates Inc. 
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Table 3 Nominal speeds and feeds for turning a variety of steels and cast irons with carbide-tipped 
single-point and box tools 
T Carbide tool 1 
Uncoated — Conted 
[ ‘Speed: ig 1 
Brared indexable | Feed — Tos material grade [— Speed | (— Feed Tool material grade — 
Material Hardness, HB  Condkion mmi мыш  mímin stm ттлт юле 150 C mímin sm mmrev юйге 150 c 
Carbon steels, wrought 
Low carbon. 
1005 1010 1020 125-175 — Hot rolled. 150 485 195 640 0.18 0.07 РО Ст 290 950 018 0007 cpio Cc 
1006 1012 1023 normalized, 125 40 150 500 0.50 0.000 — PX) Св 190 625 040 0015 CP20 Cc 
1008 1015 1025 annealed, — 100 320 120 390 075 000 P Сө 150 мю 0.50 0.020 Cp30 CC 
1009 1017 or cold 75 25 95 3X5 10 000 P C6 >. oce ` er 
drawn 
Medium carbon 
1030 1042 125175 Hot rolled, 140 45 180 5% 018 0007 РЮО 280 925 018 0.007 Срю Ссл 
1033 1043 normalized, 110 360 140 460 0% 0.000 Р20 185 600 040 0.015 CP20 CC-6 
1035 1024 annealed, $5 280 10 360 075 0.030 — P30 145 475 050 0020 CP30 єсє 
1037 1045 or cold 6) 2 85 280 10 0040 раф : ` : 
1038 1046 drawn 
1039 — 1049 
1040 1050 
Alloy steels, wrought 
Medium carbon. 
30 4135 8625 275-225 — Normalized or 105 340 130 420 018 0007 PIO Ст 170 550 018 0.007 Ср 
1335 4137 8627 quenched 79 260 100 330 040 005 — P0 Св 130 42 040 0015 CP20 
4027 4407 8630 and 60 20 79 28) 050 000 РО С 10S 350 050 0.020 CP30 
4028 4626 8637 tempered . d - : “ 2 . 
4012 5130 4% 
4057 5132 
4130 5135 
Medium carbon 
130 430 RIBS 175-225 Hot rolled, HS 375 10 50 оз 0007 PI — C7 200 60 018 04007 ср єс? 
1345 50B40 8640 annealed. 9) зш 120 400 ош 000 — P С 160 525 040 0015 CP20 CC 
4042 50844 8642 or cold 73 mo 95 315 075 000 Ро С N0 4 050 0.020 Cp30 CC 
4047 5046 8645 drawn ж 190 76 250 10 0040 . : Ue 
4140 50846 N6B4S 
42 5140 8740 
4145 5145 RIA 
447 5147 
Low carbon 
4012 4621 8115 Hot rolled, i20 400 150 50 018 0007 РО — C7 200 60 018 0.007 cpio 
4023 4718 8617 normalized, 95 310 120 390 0.50 0020 Ро C6 1580 500 040 0.015 CP20 
4024 4720 8620 annealed. 7) 240 95 30 075 000 P3) Св 120 400 050 0.020 Єр 
її 45 8622 or cold $8 190 73 240 10 000 РЮО C6 - Moo 
40 4817 8822 drawn 
4419 4820 9310 
4402. 5015 94BIS 
415 515 94B17 
4617 5120 
40 6118 
High-strength steels, wrought 
УЮМ 98BV40 225-300 Annealed 105 350 018 0007 Pio Ст 185 60 018 0.007 СР 
AIV  Déac "or ош oos P20 — Có 135 450 040 0.015 CP20 
440 HII 66 215 0.50 0000 Ро С 105 350 0.50 0.020 Ср 
4м05і НІЗ 52 nm 075 000 Ро CH -- Ue 
Stainless steels, wrought 
Austenitic 
201 L зк 135-185 Annealed 105 350 120 400 0.18 0.007 KOI, MIO 160 525 блв 0407 СКОТ, CMIO 
202 305 за 100 325 105 350 0.40 0.015 . M10 135 450 040 0015 СКІЮ, CMIO 
301 308 385 76 250 84 275 0.50 0.020 . M10 105 350 050 0020 CK10, CMIO 
302321 60 20 64 20 075 0030 . M20 60 weu e U . 
эм м7 
Martensitic 
з 422 135-175 Annealed 145 475 190 60 018 0007 MIO, PIO C2 245 800 018 0007 СМІ0. CPIO CC7 
Al 501 120 400 145 480 040 0.015 MIO, PIO C6 190 6&5 040 0.015 СМ, CPIO CCH 
4 502 100 320 115 380 075 0430 M20. P20, C6 150 50 0.50 0.020 CM20. СРЮ СС.6 
з 240 Ф% W0 10 0040 M30, P3 C6 --- Ё Е 
Gray cast irons 
Pearlitic 
ASTM A48: classes 19220 As-cast us 370 4i0 0.18 0007 ко, 160 525 блв 0,007 CK20, CM2% CC3 
30, 35, 40 90 300 340 040 0015 K20. 135 450 040 0015 СК20. СМ) СС? 
Sac 31c: grade 76 250 275 075 0030 K20. 109 350 0.50 0.020 CK20, СМ20 СС? 
G3000 60 200 25 10 000 К20, = 1 = Ў 





Source: Metcut Research Associates Inc. 
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Table 4 Nominal speeds and feeds for turning a variety of steels and cast irons with ceramic tools 






































[ Ph of eat | — Speed — | Feed 

Material Hardness. HB Condition. mm in. min stm unires алет Type of ceramic 

Carbon steels, wrought 

Low carbon 
w05 1000 1020 35-125 Hot rolled, П 0.040 610 2000 013 0.005 CPA 
1006 1012 1023 annealed, or cold. 4 0.150 360 1800 0.25 0.010 CPA 
1008 1015 1005 drawn 8 0.30 335 1100 040 0.015 СРА 
i009 1017 

Medium carbon 
1030 — 10420 1053 125-175 Hor rolled, normalized. 1 0.040 580 1900 0.13 0.005 CPA 
1033 1045 1055 annealed, or cold H 0.150 395 1300 0.25 0.010 CPA 
1035 1044 1525 drawn s 0.300 335 1100 040 0.015 CPA 
1037 1045 1526 
1038 1046 1527 
1039 1049 
1040 1050 

Alloy steels, wrought 

Medium carbon 
13 4135 8625 275-325 Normalized or quenched 1 0.040 395 1300 0.13 0.005 Hee 
135 AN? 8827 and tempered 4 0.150 235 715 025 0.010 HPC 
40274427630 к 0.300 175 575 0.40 0.015 HPC 
4028 4626 8637 
4032 5130 B30 
4017 5132 
ию 5135 

Medium carbon 
1340 4340 81845 175-225 Hot rolled, annealed. or D 0.040 520 1700 913 0.005 CPA 
IMS 50840 ыш cold drawn 4 0.150 350 1150 925 0.010 CPA 
4042 50844 вы? 8 0.300 260 850 040 0.015 HPC 
407 5046 645 
4140. 50846 RABAS 
42 540 8740 
4MS 5145 8742 
4147 5147 

Low carbon 
4012 4621 Hot rolled. normalized. 1 0.040 460 1500 013 0.005 HPC 
4023 4718 annealed, or cold 4 0.150 305 1000 0.25 0.010 HPC 
40244720 drawn 8 0.300 45 кю 040 0.015 HPC 
ALB 4819 
4320 4817 
аз ш 910 
4422. 4015 УВІ 
4615 515 94817 
4617 5120 
шо бик 

High-strength steels, wrought 
300M 98BV40 225-300 Annealed 1 0.040 440 1480 013 0.005 HPC 
4330V hac 4 0.150 265 875 0.25 0.010 HPC 
4340 HII 8 0300 205 675 0.40 0015 HPC 
434051 HI 

Stainless steels, wrought 

Austenitic 
ю WL M 135-185 Annealed 1 0.040 425 1400 9.13 0.005 CPA 
200 305 384 4 0.150 275 900) 0.010 CPA 
и лк EI 8 0.300 185 600 0.015 СРА 
з? W 
ма 347 

Martensitic l 
дз 402 135-175 Annealed 1 0.040 550 1800 олз 0.005 CPA | 
aD 50l 4 0.150 395 1300 2s 0.010 CPA 
420 502 8 0.300 aos 1000 040 0.015 CPA 

Gray cast irons 

Pearlitic 
ASTM A48: classes 30. 190-220 As-cast 1 0.040 460 1500 025 0.010 HPC 

3540 4 0.150 305 1000 0.40 0.015 HPC 

SAE J431c: grade G3000 8 0.300 218 700 0.50 0.020 НРС 


CPA, cold-pressed alumina; HPC, hot-pressed cermet, Source: Metcut Research Associates Inc. 
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Table 5 Nominal speeds and feeds for turning a variety of steels and cast irons with high-speed steel and 
carbide cutoff and form tools 


























Т Feed. тигез (in.irev) 1 
I Cutoff tool width 11 — Form toot width 1 
Hardness, sped liSmm — 3mm 6mm mm 18mm 25mm Jmm Somm Тоні material гае) 
Material HB Condition mimin sfm (0062 in.) (0.125in.) (0.250in.) (0.500in) (0.750in.) (1,00 in.) (U50 in.) (2.00 i UO Astor © 
Carbon steels, wrought 
Low carbon 
1005 1000 1020 125-175 Hor rolled, 37 1230 0438 — 0050 — 0061 бое 0041 0M6 боз 00 5455 M2, M3 
1006 10129 1003 normalized, 120 390 (0.0015) (0.002) (0.0024) (0.0018) (0.0016) (0.0014) (0.0013) (0.0011) P40.M40 С-6 
1008 1015 1025 annealed, or 0.038 — 0.050 — 006! — 0046 0041 04036 003 0028 
1009 1017 cold drawn (0.0015) (0.002) (0.0024) (0.0018) 40.0016) (0.0014) (0.0013) (0.0011) 
Medium carbon. 
1030 1042 — 1053 125-175 Hot rolled, 35 115 0.036 — 0.043 — 0056 0045 0038 0036 0033 0028 54,55 М2, M3 
1033 1043 1055 normalized, 115 370 (0.0014) (0.0017) (0.0022) (0.0017) (0.0015) (0.0014) (0.0013) (0.0011) P40, M40 — Có 
1035 (4 1525 annealed, or 0.036 0043 — 0056 — 0043 оов 0.036 боз 0.028 
1037 1045 1526 cold drawn. (0.0014) (0.0017) (00022) (0.0017) (0.0015) (0.0014) (0.0013) (0.0011) 
в 1046 1927 
1039 1049 
1040 1050 
Alloy steels, wrought 
Medium carbon 
130 4139 8625 275-325 Normalizedor 17 55 0033 — 0441 0050 ооп — 0.36 боз 00208 0023 54.55 М2. M3 
1335 4137 8877 quenched S3 175 (0.0013) (0.0016) 40.002) (0.0016) (0.0014) (0.0013) (0.0011) (0.0009) P40. Mà) — C6 
4027 4407 630 and tempered 0.033 0041 ооо — 0.041 — 0036 боз 00 0023 
4008 4626 8637 40.0013) (0.0016) (0.002) 10.0016) (0.0014) (0.0013) (0.0011) (0.0009) 
4032 5150 94830 
4037 5132 
4130 5135 
Medium carbon 
1340 4340 SIB4S 175-225 Hot rolled, 29 95 0408 0046 — 0056 — 0046 ооп 0038 ооз 0008 54,55 М2, M3 
1345 50840 — 8640 annealed, or — 95 305 (0.0015) (0.0018) (0.0022) 40.0018) (0.0016) (0.0015) (0.0013) (0.0011) P40, M40 С 
4042 50844 зы? cold drawn. 0.038 — 0.046 00580 0046 0041 ооз — 0033 0.028 
4047 5046 ыз (0.0015) (0.0018) (0.0022) (0.0018) (0.0016) (0.0015) (0.0013) (0.0011) 





4140 50846  86B45 
442 5140 740 
4145 5145 742 





447 5147 

Low carbon 

4002 4621 BIS 225-275 Hot rolled. 24 во оо» — 004 — 0050 — 0043 — 0.038 — 0.36 — 0.030 — 0025 — S4. 
4003 4718 8617 normalized. 7% 255 140.0014) (0.0017) (0.002) — (0.0017) (0.0015) 40.0014) (0.0012) (0.001) P40. 
4024 47200 8620 annealed, or 0.036 — 0.043 — 0.050 ооз бо — 0036 0.030 0025 

418 4815 22 cold drawn 40.0014) (0.0017) (0.002) (0.0017) (0.0015) (0.0014) (0.0012) (0.001) 


4320 4817 NDS 
4419 4800 УО 
4422 5015 94815 
4615 5115 95817 
4617 5120 

4620 6118 





High-strength steels, wrought 








XM 4M0Si HII 225-300 Annealed i8 60 0036 — 0043 — 0053 оз оок — 0036 — 0030 — 0.025 54,5 М2, МЗ 
40у 98BV40 НІЗ 5а 190 (0.0014) (0.0017) (0.0020) (0.0017) (0.0015) 40.0014) (0,0012) (0.001) P40, M40 — C6 
440 вас 30.006 — 0.043 00535 — 0.043 оо 0036 0,030 0.025 


(0.0014) (0.0017) (0.0021) (0.0017) (0.0015) (00014) (0.0012) (0.001) 





Stainless steels, wrought 





Austenitic 
XU зї M8 135-195 Annealed 26 BS (003 оох — 0050 0089 0.041 — 0036 0030 M2, M3 
202 305 384 84 275 (0.0013) (0.0016) 10.002) — (0.02) (0.0016) (0.0014) 10.0012) C 
301 308 385 003 0.041 0050 0.050 0.04] 0.036 0.030 
x? 101 40.0013) (0.0016) (0.002) — (0.002) (0.0016) (0.0014) 10.0012) (0.001) 
эм 347 

Martensitic 
403 am 135-175 Annealed 29 95 0038 0050 0% — 0050 0046 ооз бою 0025 54,55 М2, M3 
410 501 100 325 (0.0015) (0.0002) (0.0025) (0.002) (0.0018) (0.0015) (0.0012) (0.001) K40, М40 — C-6 
ш S02 0.088 000 — 0.063 0.050 0.046 0,038 — 0.030 0025 


40.0015) (0.002) — (0.0025) (0.002) — 10.0018) (0.0015) 10.0012) (0.001) 





Gray cast irons 





Pearlitic 
ASTM А48: 190-220 As-cast 18 60 0075 013 0.18 оз оз оз 002 005 54,55 М2, M3 
classes 30, 35. 40 64 200 (0.009) (0.005) (0.007) (0.007) (0.005) 10.005) (0.004) (0.003) K40.M40 С? 
SAE 143! 0075 013 0.18 018. оз оз бю? 0.075 
grade G3000 40.003) — (0.005) (0.007) — (0.007) (0.005) (0.005) (0.004) (0.003) 


(а) Use submicron curhide when the recommended carbide grade chips excessively, Source: Meteut Research Associates Inc. 








148 / Traditional Machining Processes 


Table 6 Comparison of actual and nominal speeds and feeds for the turning of carbon and low-alloy steels 

















Average Speed Eus E Feed. " I 

hardness, Comparable Toot - Actual inalia) — Actual Nominal) 
Stet m "a Operation imeri Type! ata stn! эш иш мше ten! юше tne 
1037 . 186 1045 Roughing Carbide — Brazed 725 102 335 Ua 0.016 0.38 0.015 
618. 207 8620 Roughing Carbide Disposable 540 128 420 0.76 0.030 038 0.015 
5120. 167 8620 Finishing Carbide — Brazed 1025 137 450 0.30 0.012 0.18 0,007 
Formingib) ^ Carbide — Brazed 1375 85 280) 0.30 оо? 0.13 0.005 
1045. 194 1045 Roughing Carbide — Brazed 430 102 335 041 0.016 0.38 0.015 
Roughing Carbide — Brazed 530 102 335 0.46 оов 0.38 0.015 
4130... эк 4140 Finishing Carbide — Brazed 190 107 350 0.10 0.004. O18 0,007 
Finishing Brazed 270 107 350 оло 0.004 0.18 0.007 
4820. 28 8620 Roughing en 83 2 75 025 0.010 038 0.015 
Roughing Disposable 405 120 395 0,36. 0.014 00.38 0.015 
8622 187 8620 Roughing В "s 2? 9 0.30 0.012 (0,38 0015 
Roughing Disposable 655 128 420, 0.25 0.010 038 0.015 
4320. 227 8620 Roughing Brazed 392 94 310 0.38 0015 0.38 0.015 
1035. . 150 1045 Roughing Brazed 495 16 380 0.51 0.020, 0.38 0015 
8620. 169 8620 Finishing Brazed 639 137 450 020 0.008. OAK 0,007 
Finishing Brazed 1125 137 aso 0.20 0.008 0.18 0.007 


(a) Comparable steel. (b) Tool widih, 12.7 mm (0.500 in.) 








the tool or tool holder. Several types of chip 
breakers are illustrated and described in 
Fig. 9. 

The efficiency of chip breakers is marl 
edly affected by their design. A step that is 
too wide or too shallow will permit chips of 
the more ductile metals to flow over the 
intended obstruction without breaking. A 
step that is too narrow will cause the chips 
to crowd between the tool and the work- 
piece, resulting in galling of the turned 
surface and reduced tool life. Generally, the 
optimum width and depth of a chip breaker 
are governed by depth of cut and rate of 
feed. Usually, the depth is maintained be- 
tween 0.38 and 0.76 mm (0.015 and 0.030 
in.). The fillet radius should be two to four 
times the depth of the chip breaker, and the 
width should be eight to nine times the feed 








per revolution. All cutting angles of the 
tools should be maintained. 

Chip Curlers. With ductile metals, and 
especially with metals that combine 
strength and ductility (such as annealed 
stainless steel), breaking of chips is often 
not feasible, and particular attention must 
be directed to the handling of continuous 
curls. The characteristics of the spiral chip 
and its direction of release can be regulated 
to some extent by adjusting rake and side 
cutting-edge angles. Further control can be 
obtained through chip-curler grooves in the 
tool, as illustrated in the example given 
below. 

Example 1: Design for Chip-Curler 
Groove. A box tool with a chip-curler 
groove of the design shown in Fig. 10(a) was 
not satisfactory for reducing the diameter of 














annealed type 304 stainless steel bar stock 
from 38 to 29 mm (17 to 1% in.) over a 
length of 76 mm (3 in.). The groove design 
impeded chip flow and caused crowding of 
the chip and breakage of tools, Adequate 
chip elimination was obtained when the 
design of the chip-curler groove wi 
changed to that shown in Fig. 10(b). Other 
processing details are given in the table 
uccompanying Fig. 10. 





Speed and Feed 


Tables 2, 3, and 4 present nominal speeds 
and feeds for turning numerous steels and 
cast irons used in the examples that follow 
at specific hardness levels, using high-speed 
steel, carbide, or ceramic tools. These nom- 
inal values are based on a tool life of 1 to 2 


Table 7 Comparison of cutting speeds for 60 min tool life in turning three different hot-rolled steels with Т1 


high-speed steel tools(a) 


























T Speed for feeds of: 
0.05 тиге 04 mmirev 1.6 mun/rev 3.2 ттеу 

Depth of cut (0.002 in.irev) (бы inire) (Vw inire) (ишге! 
mm in. mimin sim mmia stm mimin чт mimin sim 
1112 steel (130 HB) 

ов из. en 2004 165 540 78 255 67 219 
1.6 и 47 1401 п9 мю 57 186 46 150 
32 W 370 1215 100 327 46 150 35 114 
64 и 37 1107 88 288 39 129 28 93 
n v 316 1038 81 267 34 11 28 74 
25 1 304 999 T 252 30 9 19 $3 
1020 steel (127 HB) 

ов A 944 185 607 117 384 т 254 52 17! 37 120 aM 103 
16 Vin +201 660) 1M 438 86 28! 56 184 3% 114 27 88 2 71 
32 w. 2174 sn ni 364 T 251 47 154 M 102 2 7 16 54 
64 159 521 9 325 ы 209 41 136 7 #9 19 el n 44 
n % 149 489 94 308 59 194 зк 126 24 80 16 52 и 35 
2% [xs 144 m 90 295 s 187 3 119 23 75 4 47 9 30 
1050 steel (201 HB) 

ов Ya 11 а 91 298 s8 189 зв 125 26 ва n 59 15 si 
16 Ve... 99 324 66 215 2 138 7 *» 18 в 13 43 n 35 
32 Ж... 86 281 55 179 38 14 23 76 15 50 n 35 8 26 
64 ee T 254 E 160 ЕЛ 103 20 Di а 9 30 7 2 
3 Ж... 73 240 46 151 2 95 19 62 40 8 26 E 17 
25 1 70 2м 44 145 38 9 1х 58 3? 7 23 45 15 


(a) Tool angles: BR, 8", SR, 14": ER, 6^: SRF. 6°, ECEA, 6": SCEA, 


30%; NR, 3.2 ама (W іп). No cutting fluid used 
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Feed, 0.001 плем sim inirev inmin ingrind 
à à в И 6А 0 6 à 20 a por 0m o 5 wo б ж аш 
E рро T Г 
Hardened steel " 
35 | "ш Hardness Cutting Feed Removal тоо! 
| НАС 38, 52, and 65 of steel speed rate rate life 
305 e ee am 1000 | | | 
Finish turning нке 
2% — ™ tdepth of cur, ~| 900 T з 1 a 
01010 030 mm) a == l 
D — -a 
- Rough turning. 2 езе] in 
pon (depth of cut, —]?9 Е | 
Е 0.51 10 3.05 mm a | | 
5. 185 w y 0 60 ж о 025 050 0 в 16 0 33) 655 
$ wo DEI mimin mmirev mm? « 10*tmin mm © 10%grind 
a 
120 am I Hardness of sted urs — 
Machining conditions 1S HRC 47 HRC s2 HRC 
90 am 
Speed, revimin T 1090 350 226 
“ 20 Speed, mimin (sfm). 136 (445) 35 (115) 2700) 
Feed, mm/rev (in.rev) ... 20.48 (0,019) 0.15 (0.006) 00.10 (0.004) 
% 100 Depth of cut, mm (in)... 3.05 (0.120) 3,05 (0.120) 3.05 (0.120) 
0 3 ù Cutting fluid .. None ii iti 
с 01 02 03 04 05 06 07 08 09 fa) Steels were 4130 at HRC 15, 4330 at HRC 47. and 4340 st HRC 52. All three steels were turned an a 40 mm (16 in) athe with C 
fuit лө Carbide ҮГҮТ ЛЕС) oo he IA mm (V7 in йеп circle C y 4.8mm (t тг) Al Tools hud- Rack and vide rake angles, 
"eel and le relief angles, I side cutie ange apal 0:78 mm (ONG. moe radius: height bove center wax ЇЇ mm ТЇЙ 
in.) b) One-to-one mixture of sulfurized ol a * 
Fig. |] Effect of hardness on speed ond feed used mt) One one тише of ali PES 
9. in rough ond finish turning. Speed ond 


feed combinations for 60 min tool life. Data are based on 
turning with carbide tools (79WC-15TIC-6Co) lopped 
with boron carbide. Tools for steels of all hardnesses had 
45° side cutting-edge angle, 15° end cutting-edge angle, 
1,02 mm (0.040 in.) nose radius, 0° side rake, and relief 
angle of either 15" (for 0.020 mm/rev, or 0.008 in./rev 
or less) or 10° (for feeds over 0.020 mm/rev, or 0.008 
inJrev), Bock rake varied with hardness, being O° for 
HRC 38, —5° for HRC 52, and 10° for HRC 65. 


h for high-speed steel or brazed-carbide 
tools. Table 5 lists comparable data for 
turning of these same materials using high- 
speed and carbide form tools. A tool life of 
30 to 60 min would be typical of indexable- 
insert carbides when used to turn 25 to 76 
mm (1 to 3 in.) diam workpieces. The tabu- 
lated values are intended to serve as starting 
points for the selection of optimum machin- 
ing conditions. More exact settings can be 
made with experience. In commercial prac- 
lice, speeds and feeds often differ widely 
from the values given in Tables 2. 3, and 4. 
The magnitude of these differences is illus- 
trated in Table 6. which compares nominal 
values of speed and feed of wrought low- 
and medium-carbon steels and wrought 
low-alloy steels listed in Tables 2 to 5 and 
also compares actual values with nominal 
values used in turning these materials. The 
factors responsible for large deviations from 
nominal values are considered in the indi- 
vidual examples. 

Selection of Speed and Feed. The nom- 
inal speed and feed shown in Table 2, 3, 4, 
or 5 for a given application reflect only the 
effect of steel group (general chemical 
type), hardness. type of operation, and tool 
material. The final selection of speed and 
feed is made on the basis of experi- 
ence with similar parts or from production 
trials, and is influenced by: 

















* Work metal 
* Type of operation 
* Tool material 


Fig. 12 нес of hardness on speed, feed, and results in turning 


* Tool design 

* Shape of workpiece 

* Tool life desired 

* Machine condition 

* Power of available machines 
* Surface finish required 


Work Metal. With the exception of free- 
cutting additions, the direct effect of chem- 
ical composition on optimum speed and 
feed is small and of little significance in 
comparison with the normal variation in 
properties of commercial grades of steel or 
the larger changes that can be obtained by 
heat treatment or by cold reduction. 

Free-cutting grades are usually pro- 
duced by the addition of 0.10 to 0.30% S or 
0.20 to 0.30% Pb (or both) to carbon or 
low-alloy steel. Except at high hardness, 
the nominal turning speeds for resulfurized 
or leaded carbon steels are substantially 
higher than the values for corresponding 
plain carbon steels. A similar but somewhat 
smaller increase in permissible speed re- 
sults from additions of sulfur or lead to 
low-alloy steels, compared with corre- 
sponding plain low-alloy steels. 

Table 7 compares speed-feed-depth rela- 
tionships for a resulfurized free-cutting steel 
(1112) and a plain carbon steel (1020), using 
high-speed steel tools for a (60 min) tool life. 
Overa range of feed rates and depths of cut, 
turning speed for the 1112 steel was about 
twice that for a comparable operation on 
1020 steel. 

Carbon and other alloying elements in 
carbon and low-alloy steels have only a 
small direct effect on speed and feed in 
turning. Plain carbon steels containing less 
than about 0.15% C machine to give soft, 
gummy chips that are likely to adhere to the 
cutting tool, and these steels require rela- 


tively low speed and feed, Up to about 
0.25% С, optimum speed and feed increase 
with increasing carbon content, because of 
the corresponding decrease in chip ducti 
ty. A further rise in carbon content leads to 
the use of lower speed and feed, because of 
greatly increased strength, hardness, and 
abrasive characteristics of the metal. The 
addition of other alloying ele-ments lowers 
optimum speed and feed by increasing the 
strength and hardness of the metal. These 
effects of chemical composition on opti- 
mum speed and feed are too small to affect 
the nominal values listed in Tables 2, 3, 4. 
and 5. 

Hardness exerts a major effect on the 
selection of speed and feed. In fact, as a 
first approximation, speed and feed for 
turning carbon and low-alloy steels (in the 
absence of free-cutting additives) can be 
considered as functions of hardness only: 
nominal speed and feed values are identical 
at equal hardness. 

Figure 11 shows the effect of hardness on 
speeds and feeds for rough and finish turn- 
ing of hardened steel (quenched and tem- 
pered to HRC 38, 52, and 65) regardless of 
variations in composition. As hardness in- 
creases, speed and feed rates for rough 
turning decrease, speed for finish turning 
decreases, and the ranges of speed and feed 
become progressively narrower. 

Figure 12 shows a decrease in speed and 
feed rates with increasing hardness (HRC 
15. 47 and 52) and also shows the resulting 
decrease in metal removal rate and tool life. 

The effect of a difference in hardness asso- 
ciated with carbon content is illustrated by 
the comparison in Table 7 of turning speeds 
for (60 min) tool life for hot-rolled 1020 steel 
(127 HB) and hot-rolled 1050 steel (201 HB). 
Over a wide range of feed and depth of cut, 




















150 / Traditional Machining Processes 


Table 8 Effect of variables on cutting speed for 60 min tool life in turning hot-rolled 1020 steel with Т1 


high-speed steel tools(a) 



































[ ‘Speed for feeds of: - = 

0.05 mmirey 0.10 тиге 0.20 mm'rev 0.4 mmirev 08 mmirey rev 32 тшге, 
Depth of cut (0.002 ines) бнлген (0.98 шлген (iim ire [pn (e rev V mre 
mm mimin Яа ала мз тта з тте dm пз sm. main sfm mimin sfm 
Tool 1 (SCEA, 0°; NR, Ob) 

оз p 128 E з 267 3 174 36 "m 25 ю 25 82 25 82 
16 Yin 203 418 80 264 з 173 35 116 24 78 17 57 16 54 
32 ж 1127 418 80 263 2 m м " n 15 16 32 12 40 
64 и m 416 E] 263 st 167 м по 2 72 15 49 10 M 
B % 126 40 80 261 si 167 эз 107 21 69 14 45 9 
25 k 126 an 79 260 so 164 32 10s 0 68 12 41 8 25 
Tool 2 (SCEA, 0°; NR, 1,6 mm, or Vis in.)b) 

[ri с. 209 688 134 439 87 285 E 191 E 140 33 109 28 93 
16 Vis 171 562 109 359 n 48 157 по 25 82 0 66 
3.2 % 150 493 96 315 [3 202 41 134 w 9 20 ө 16 si 
64 и 138 454 88 288 56 185 37 122 25 ю 17 57 12 а 
[Н а nm 40 вз 276 53 175 3 из 2 n 15 E] 10 м 
5 Ke 129 4M 80 261 5 170 3з 107 2 68 3 a 8 271 
Tool 3 (SCEA, 30°; NR, 3.2 mm, or Ye in.)(b) 

os v 287 944 185 607 u7 384 T 254 5 "m 7 120 28 103 
16 Ves. 201 660 IM E 86 281 5% 154 35 m 7 22 71 
32 Wes. 174 572 ut 364 T 251 aT 154 м 102 2 n 10 5 
64 Ms 159 51 99 325 ы 209 al 136 п 1 19 6l n а 
13 v 149 489 94 308 59 194 x 126 м к 16 52 n 5 
25 сане 144 an 90 295 57 187 36 n9 n 75 14 4 9 № 
Tool 4 (SCEA, 30°; NR, 6.4 mm, or Va in, 4b) 

0.8 Voss 325 1065 207 680 з! 430 86 E 57 188 40 10 м 103 
1.6 Vines 28] эз! 182 590 116 379 75 246 a 161 3 109 25 м 
32 We. 203 667 132 4м 84 275 БИ 178 36 117 n 79 18 58 
64 Ye. 175 574 "n 365 70 29 45 148 97 20 65 14 45 
n WE cree pss а 517 99 326 ө 206 40 ni 26 8% 17 55 и 37 
25 ! si кесе j ю 9 305 EI 191 37 123 23 76 15 AR 9 0 
Finishing toolíc) 

0.13 0.005, ... 3971308 180 эю Im эз! 105 мз 87 287 

02 0410,.. мо 1018 204 135 w 97 318 14 243 SR 191 

0.38 0.015. д 896 175 " 383 x» m 6l 19 49 161 

п) No cutting uid used. thy Too angles: BR, ВА; SK, 14; ER, Є SRE, 6% ECEA. 6° (e) Tool angles: BR, 20° SR, O's ER, 6: SRE. 67: ECEA, 6 SCEA- 17: NR. 32 mm (M [n]; t, 32 mm (Win) 





the speed shown for 1050 is about half that for 
a comparable operation on 1020. 

Other Metallurgical Considerations. 
The need for low speed and feed in turning 
annealed carbon steel of low-carbon con- 
tent results principally from microstructural 
considerations. Higher speed and feed can 
be employed after normalizing or oil 
quenching such steels. Cold reduction of 
low-carbon steel also permits higher speed 
and feed by lowering chip ductility. 

Medium-carbon and high-carbon steels 
also can be heat treated to allow higher speed 
and feed; the most machinable microstruc- 
tures for various carbon contents are listed 
below: 





Optimum microstructure. 





0.0602 As rolled (most economical) 


020-030... 





Under 76 mm (3 in.) diam, normalized; 
76 mm (3 in.) diam and over, as rolled. 
0.30-0.40..... Annealed to give coarse pearlite, 
minimum ferrite 
0.40-0.60..... Coarse lamellar peartite to coarse 
sphervidite 
0.60-1.00. .... 100% spheroidite, coarse to fine 





The presence of manganese. chromium, 
nickel, or molybdenum in the carbide phase 
of low-alloy steel affects machining behavior 


in the same way as does the presence of 
carbon; in solid solution alloying elements 
toughen and strengthen the ferrite phase, thus 
reducing permissible speed and feed rates. 

Type of Operation. For a given work 
metal, speed is highest for turning with single- 
point or box tools. Feed is also relatively high 
for this type of operation. Higher speed and 
lower feed rates are used for shallow finishing 
cuts with these tools than is the case with 
roughing cuts. Brazed carbide tools are used 
at lower speeds than are disposable carbide 
tools, primarily to increase tool life and there- 
by minimize tool changing. 

Speeds for turning with form tools or cutoff 
tools are usually about 40 to 60% of the finish 
turning speed with single-point tools. Feed 
rate in form turning varies inversely with tool 
width, as would be expected, but feed rate for 
cutoff turning varies directly with tool width, 
for the range of widths shown. Feed rate is 
usually lower for these tools than for single- 
point or box tools. As turning speeds in- 
crease, the problems of chip containment and 
the loss of gripping force on the chuck jaws 
due to centrifugal force become increasingly 











1. Tables 2, 3. 4, and 5 show 
ranges of nominal speed for the three basic 





tool materials to be: high-speed steel. 6. 
107 m/min (20 to 350 sfm); carbide, 18 to 411 
m/min (60 to 1350 sfm); and ceramic, 30 to 792 
m/min (100 to 2600 sfm). Nominal feeds for 
single-point and box tools are given below: 























= Feed rate —— 

Nominal speed. тимек in.irev 
For single-point and box tools 

High-speed steel . 0.13-0.38 0.005-0.015 

Carbide 0.13-0.38 0.005-0.015 

Ceramic 0.08-0.51 0.003-0.020 
For form tools 

High-speed steel . 20:013008 0,0005-0.003 

Carbide. 1.0.025-0.18.— 0.001-0.007. 
For cutoff tools 

High-speed steel 0,025-0.08 0001-0403 

Carbide.. 0:051-0.23 0.002=0.009 





High-speed steel cutting tools, although 
versatile, shock resistant, and readily 
forged and machined to a wide variety of 
forms, are limited to relatively low turning 
speeds. Carbide tools are more economical 
than high-speed steel tools in most high- 
production turning applications, but they 
require a rigid setup and no chatter to avoid 
chipping or breaking, and they do not per- 
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Table 9 Effect of variables on cutting speed for 60 min tool life in turning hot-rolled 1020 steel with carbide 















































tools(a) 
1 Speed for feeds of: 
0.05 mm/rev. 0.20 mm/rev 0.4 mm/rev 0.8 mmirev 1.6 mm/rev 3.2 mmírev 
Depth of cut (0.002 in./rev) 40.004 in./rev) 40.008 in./rev) (iss in.irey) (Un in /res) (Mie пгс) (ик in. irev) 
mm in, mmm ут mimin sfm mmin sfm mmi чт mimin sfm mimin ^ sfm mmn мт 
Tool 1 (SCEA, NR. 0b) 
0.8 А 438 1438 908 178 n6 379 78 256 W 256 78 256 
16 Yin акай OE 1436 906 178 з us 376 75 245 я 169 50 168 
з Weise ‚ 437 1433 905 176 sm 14 373 з 241 48 159 34 по 
64 v ETT 1433 902 175 575 n2 369 n 237 47 154 n 102 
n Voas de 435 1428 901 va EI ni 365 1 232 45 148 29 95 
25 1 a wai 435 1427 898 173 568 по 362 69 227 43 142 27 89 
Tool 2 (SCEA, 0°; NR, 1.6 mm, or Vis in.)(b) 
08 T ONERE ns 2378 4м 1513 978 198 651 141 464 109 ув 9s n 
16 Yin ME ^ 1935 376 no 2 792 160 526 m 303 х 262 ы 210 
32 519 1702 330 1084 210 90 138 452 93 306 ы 211 49 161 
64 478 1568 мо 1016 194 635 125 411 g3 21 55 182 39 129 
13 . E OB 1495 290 951 183 599 n7 385 76 249 50 163 м по 
25 d axveseces ‘ 439 1439 276 903 179 586 n3 372 2 237 46 150 28 93 
Tool 3 (SCEA, 30°; NR, 3.2 mm, or W% їп.) 
08 Yee. 1009 309 ыо озю 403 mno зы 367 m ЕТ m 403 104 мо 
1.6 шн.» „зз 695 2281 461 1512 294 эе 191 625 125 in 87 286 70 229 
32 LES 1з. 603 1978 EE 1256264 865 160 54 104 340 70 — 230 52 170 
64 W ulis 545 1788 M3 124 216 718 463 91 299 LU 198 45 147 
n РОО 510 1672 m 1061 204 668 "m 430 м 24 54 177 36 119 
25 f. ont . 497 1631 33 1026 197 646. 126 414 79 264 49 163 x 105 
Tool 4 (SCEA, 30°; NR, 6.4 mm, or У in.)(b) 
оя Missis» uan we 715 2M6 ам 1481 295 969 194 63K 133 435 104 342 
16 Vines sicrsnaeriicere BD NU 607 WR зв 1305 257 844 166 545 I" 363 м 267 
32 701 456 1497 288 946 186 en 21 396 80o 26 s7 187 
64 ө 1251 240 787 155 S10 100 327 65 24 45 147 
n 545 340 16 217 m ns 456 s» 200 57 186 у m 
5 i 510 in 1061 202 664 130 406 82 269 52 169 эз 107 
Finishing (оос) 
013 0,005. - 1050 зы вп 207 sm 1556 MS из! з з 29 1% 21 өөп 
025 0010 ‚шә ЖИ 2694 536 1760 394 1162 253 83] 192 е0 IS? 516 B9 456 
038 0.015, 5 719 260 462 1515 307 1007 21 704 187 516 127 m по 362 


(à) No cutting fluid used. 1h) Tool angles: BR, K': SR, 14°; ER, 6": SRE, 6°: ЕСЕА, 6°. (c) Tool angles: BR. 20 








© SR. 0: ER, 6% SRE. 6° 


SCEA. 0": NK, $2 mm (И inj; Mat, 2 mm (A in) 








form well at low turning speed. Ceramic 
tools are used at still higher speeds. but they 
are subject to the limitations of carbide 
tools to a greater degree. Cast cobalt-base 
alloy tools are usually operated at speeds 
between those used with high-speed steel 
tools and those used with carbide tools, but 
they have only a narrow range of applica- 
tion, chiefly when tool temperatures are 
high and cooling is not feasible. 

In multiple-tool setups. it is sometimes 
possible to use to advantage the relationship 
between optimum speed and tool material in 
machining two or more diameters at the 
same spindle speed. For instance. on a 
workpiece having a 25 mm (1 in.) diameter 
and a 102 mm (4 in.) diameter, both diame- 
ters could not be turned efficiently with the 
same tool material at the same time. If the 
speed were selected for the larger diameter, 
it would be too slow for the smaller diame- 
ter, and vice versa. However, both diame- 
ters can be turned efficiently at the same 
time when a high-speed steel tool is used for 
the 25 mm (1 in.) diameter and a carbide 
tool is used for the 102 mm (4 in.) diameter. 

Tool Design. Single-point tools have al- 
ready been described in a general way. 
Figure 7 shows the common shapes and 




















defines the standard angles for these tools. 
and the function of each tool angle is ex- 
plained in the section "Design of Single- 
Point Tools" in this article. The effects of 
tool angles and nose radius on power re- 
quirements are illustrated in Fig. 8. Permis- 
sible speed becomes greater as nose radius 
is increased, up to the radius at which 
chatter begins. The effect on speed is most 
pronounced for shallow cuts, and speed is 
inversely related to feed. 

The same relationship holds for side cut- 
ling-edge angle, up to the angle at which 
chatter occurs, This limiting angle is usually 
above 30° (tool shank perpendicular to work 
surface) and is lowest for deep cuts and low 
feeds. 

As side rake angle (or back rake angle in 
end-cutting applications) is increased. 
speed increases at first and then decrease: 
The side rake angle for which speed is at a 
maximum varies with the operation, but 
usually is in the range of 8 to 22°. Side 
cutting-edge angle and side rake angle for a 
given speed are likely to be lower in turning 
hard steel than in turning soft steel. The 
remaining standard angles of single-point 
tools have little or no effect on speed and 
feed. 














The effect of nose radius on speed and 
feed can be seen in Tubles 8 and 9, in which 
speeds corresponding to 60 min tool life are 
tabulated over a range of feed and depth of 
cut for nose radii of 0, 1.6, 3.2. and 6.4 mm 
(0, Vis, Vs, and Vi in.). As mentioned previ- 
ously, speed can be increased as nose radi- 
us is increased, and speeds for carbide tools 
are about three times those for high-speed 
steel tools. Speeds for the finishing tool are 
relatively high, in spite of the 0° side rake 
and side cutting edge angles, in order to 
produce a smooth surface. 

Configuration of the workpiece, or of 
that portion of the workpiece being ma- 
chined, sometimes influences optimum 
speed or feed, or both. 

When large and small diameters are to be 
machined within the same cycle, a change 
in speed during the cycle may be necessary 
to provide the most suitable speed for each 
diameter. This can be accomplished by the 
use of a two-speed drive motor or, more 
effectively, by the use of an electronically 
controlled variable-speed unit. 

Example 2: Variable-Speed Control Re- 
duces Machining Time. The gray iron cast- 
ing shown in Fig. 13 was consecutively 
turned on the 149.1 mm (5.87 in.) diameter 
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facing tool 
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,587 diam. 























187 
diam 
lx. 
Location of chuck jaws Gay ic 
Class 30 
e 222200042] 16910 209 HB 
T "Twospeed motor — т Т v control — ——1 
conditions 14.9 mm (5.87 in.) OD 475 mm (1.87 in) 1D) M mm (5.87 in) OD 475 mm (L7 im) ID 
Speed, revimin.......... WO 560 ЕЛ 775 
Speed, m/min (sfm) зо (430) 85.275) 130 (430) 95 (380) 
Feed, mmírev (in./rev) 0.30 (0,012) 0,36 (0.014) 0.30 (0.012) 0.46 (0.018) 
Depth of cut, mm (in.) 0,51 (0.020) 0.51 (0,020) 0.51 (0.020) 0.51 40.0201 
Machine cycle. $. 105 tos 80 к 





Fig. 13 соне OD, outside diameter; ID, inside 


and bored on the 47.5 mm (1.87 in.) diame- 
ter. Originally, the lathe on which these 
operations were performed was powered by 
a two-speed motor rated at 1800 and 900 
rpm. By providing the lathe with a variable- 
speed control, à more nearly optimum 
speed could be used for the 47.5 mm (1.87 
in.) diame! ulting in about a 25% re- 
duction in machine cycle time. Comparative 
data for the two methods are presented in 
the table that accompanies Fig. 13. In some 
applications of this kind. simultaneous turn- 
ing with a carbide tool and boring with a 
high-speed steel tool have proved to be 
efficient. 

Tool Life Desired. Analyses are often 
made with specific setups to determine the 
optimum feed and speed for maximum tool 
life, because tool life is many times more 
sensitive to changes in cutting speed than to 
single factor. However, it is com- 
tice to sacrifice some tool life by 
ly increasing speeds (often by as 
much as 50%) to shorten cycle time and 
increase productivity. This practice is most 
often used when tools can be changed readi- 
ly, with a minimum of downtime. 

In any specific application, however, 
overall cost must be examined to determine 
whether the gains in productivity outweigh 
the added cost of sharpening or replacing 
tools. 

In an effort to determine optimum condi- 
tions such as cutting speed, specific cutting 
force, and net power when encountering 
varying material hardness conditions. tables 
of compensating factors such as those 
shown in the example below may be used. 

Example 3: Use of Compensating Fac- 
tors to Determine Optimum Conditions 
in the Machining of Grade H1P Material 
at a 0.30 mm/rev (0.012 in./rev) Feed 















Comparison of machining conditions and cycle time using two-speed motor versus variable-speed 


diometer. Dimensions in figure given in inches 


Rate. The original material had a 250 HB. 
hardness, and the cutting tool had a 15 min 
tool life, when the material was machined at 
130 m/min (425 sfm/min) to a depth of 4.06 
mm (0.160 in.). The next shipment of mate- 
rial is 230 HB, and the goal is to increase the 
tool life to 40 min, while maintaining the 
0.30 mm/rev (0.012 in./rev) feed rate and 
4.06 mm (0.160 in.) depth of cut. 

The following table relates cutting speed 
to material hardness: 

















Hardness, ИН ‘Compensating factor. 
190... 1.07 
210 1.04 
20 1.02 
250 000, 
270 0.98 
290.. 0.95 
30. 0.94 
E 0.93 





Thus, at 230 HB, the cutting speed should 
be 1.02 х 425 sfm = 435 sfm. 

The compensating factor for cutting 
speed in regard to the required tool life is 
obtained from: 














Tool life, min. ‘Compensating factor 
Sis 1.40 
10.. 1.15 
15. 1.00 
20. 0.92 
30. ок! 
40... 075 
ч). de 0.66 








Thus, if a 40 min, rather than a 15 min, 
tool life is required, the actual cutting speed 
should be 0.75 x 435 sim = 326 sfm (a = 
0.30). 
alculation of the power required is ob- 
tained using the following table, in which the 





specific cutting force (in tons/in.", or tsi) is 
shown at various feed rates and cutting-edge 
angles: 








Tuning- Specific cutting force (tsi) at 

edge | feed rite, innen, of: — ~ 
langle 0.004 0.008 0.012 0.016 0.024 0,032 0.0 0.060 
эу 171 140 123 111 98 93 85 79 

79....V4 143 127 114 101 95 90 № 

є” IK] 146 130 117 104 9н RS 

49.....190 155 140 127 1! 101 95 90 

зу...” 17] 152 140 123 114 И Ж 





Thus, at a feed rate of 0.012 іп./теу, the 
specific cutting force is 123 tsi for a 90° 
insert entry angle. 

The compensating factor for the specific 
cutting force as a function of material hard- 
ness is obtained from: 








Hardness, HB ‘Compensating factor 
190 973 
210 0.82 
230 0.91 
250 1% 
270, 1.08 
290 17 
310 1.26 





‘Thus, the specific cutting force required 
to cut this material having a hardness of 230 
HB is 0.91 x 123 tsi = 112 tsi, 

Finally, with the cutting speed at 326 sim, 
the feed rate at 0.012 in./rev, and the depth 
of cut at 0.160 in., the net power consump- 
tion is: 


326 + 0.012 - 0.160 112 х 0.067 = 4.7 hp 


Machine Condition. Lathes that are 
worn may require the use of lower than 
normal speeds and feeds, mainly because 
they will develop chatter more readily than 
machines in good condition. It is not good 
practice to use worn machines, but when 
there is no alternative, processing must be 
modified to accommodate the condition of 
the equipment. 

Horsepower of available machines may 
limit the speeds and feeds to be used. It may 
be necessary to turn a part at less than the 
optimum speed or reduce the feed rate 
because of inadequate available power. If 
purchase of an adequately powered ma- 
chine is not economically practical, com- 
promises must be made. By reducing the 
feed, speed may be maintained, but the 
penalty, of course, is a longer machining 
cycle. 

Surface finish is influenced by feed rate 
per revolution and by the nose radius of the 
tool. For parts that require a tool with a 
small nose radius (for example, to maintain 
a small radius between a shaft diameter and 
a shoulder). compensation must be made by 
reducing the feed rate to obtain the required 
surface finish. The feed rate is usually the 
compromise value that allows the attain- 














ment of maximum possible production con- 
sistent with the specified finish. 

Surface finishes of 0.50 to 1.25 рт (20 to 
50 pin.) are the practical limits that can be 
expected from turning operations when us- 
ing well-maintained lathes and tools. 
Smoother surface finishes, to 0.025 рт (1 
pin.) or less, however, can be produced, 
particularly with precision machines and 
diamond cutting tools (for nonferrous met- 
als), but generally several cuts are required, 
resulting in increased manufacturing costs. 

Tolerance. Requirements. Dimensional 
tolerances that can be maintained in turning 
vary, depending on the machine and oper- 
ating parameters, the workpiece, the setup 
rigidity, and other variables. Practical limits 
for production applications, with machines 
and tools in good condition, range from 
+0,025 mm (50.001 in.) for workpieces 
having diameters of about 6.4 mm (М in.) or 
less to +0.08 mm (+0.003 in.) for diameters 
of 102 mm (4 in.) or more. Closer tolerances 
to 0.00127 mm (2-0.000050 in.) are often 
maintained, but maintaining these toleranc- 
es generally requires the use of more pre- 
cise machines and results in higher manu- 
facturing costs. 

Cost Considerations. Speeds and feeds 
that are too low consume excessive time, 
which usually results in an increase in work- 
piece cost, However, optimum speeds and 
feeds are not necessarily the maximum that 
the workpiece and the machine can tolerate. 
Excessively high speeds and feeds result in 
shorter tool life and therefore in increased 
tool cost. 

In turning difficult-to-machine alloys, it is 
especially important that speed and feed be 
carefully selected and coordinated for opti- 
mum results at minimum cost. 


Choice of Equipment 
and Procedure 


A 1983 investigation of more than 13 
million workpieces (including cubic and flat 
parts) machined in 650 plants in the most 
important industrial nations of the world 
revealed that: 





© 70% of all plants carrying out metal- 
cutting operations produce batch size of 
less than 50 pieces 

* Rota-symmetrical parts predominate, 
comprising 75% of the parts produced 

© Of all these rota-symmetrical parts (in 
cumulative terms) 90% are smaller than 
200 mm (8 in.) in diameter, 70% are 
smaller than 42 mm (U^: in.) in diame- 
ter, and 70% are shorter than 200 mm (8 
in.) in length 

© On average, all rota-symmetrical parts 
(from blank to finished workpiece) re- 
quire 6 chuckings and 5 min for cutting 
and setup time 

* The initial turning operation was followed 
by a secondary operation or operations 
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А Tock-welded bands solved problem of 
Fig. 14 iing this large fabricated рон for 


two-stage machining of both ends in an engine lathe. 
Dimensions given in inches 


such as turning, with 25% of parts; drill- 
ing, with 14% of parts; milling, with 10% 
of parts; and grinding, with 4% of parts 

* The most frequently voiced requirement 
calls for reductions in setting, idle, trans- 
portation, and storage times 


The selection of equipment and machin- 
ing procedure for a specific part depends 
largely on: 

* Size of workpiece 

* Configuration of workpiece 

* Equipment capacity (speed, feed, and 
horsepower range) 

* Production quantity 

* Dimensional accuracy 

* Number of operations 

* Surface finish 





The following section of this article dis- 
cusses the influence of these factors and 
presents examples that describe or compare 
equipment and techniques for production 
applications. 


Size of Workpiece 

In addition to physically accommodating 
the work, a suitable lathe provides the 
workpiece with firm support, rigidly sup- 
ports the cutting tools and feeds them into 
the work at the desired rate, and has enough 
power to maintain the selected rate of metal 
removal. Thus, size of the workpiece is 
usually the first consideration in selecting 
the most appropriate lathe for a specific job. 

Small parts requiring average to close tol- 
erances, such as components of instruments, 
are commonly produced in watchmaker's 
lathes, bench lathes, or toolroom lathes. 

Average-size parts such as automotive 
spindles and shafts with a length-to-diameter 
ratio of not more than 10:1, axles and drive 
shafts long enough to require one or more 
steady rests to prevent flexing, and similar 
parts turned between centers comprise a sub- 
stantial percentage of the parts produced in 
engine lathes. Average-size parts of relatively 
short length and large diameter, such as gear 
blanks, are usually chucked on the outside or 
inside diameter and are turned on regular 
engine lathes, or on gap-frame, automatic, 
stub, and copying (or tracer) lathes. 

Large or extremely heavy parts are usually 
turned on lathes designed specifically for one 
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type of work. Examples are oil-drilling tools, 
large steel mill rolls, press 
le parts. Lathes appropri- 
ate for parts of this type are heavy-duty 
long-bed lathes, hollow-spindle lathes, special 
roll-turning lathes, and missile lathes. 





Workpiece Configuration 

Workpiece configurations can be separal- 
ed into two basic categories, regular and 
irregular. 

Regular-shape workpieces are those on 
which all turned faces are either parallel or 
perpendicular to the centerline of rotation. 
Examples include gear blanks, shafts, 
flanged axles or other parts, cylinder liners, 
pistons, bearings on camshafts, and ring- 
shaped parts. Workpieces of this type have 
no significant angles or radii except normal 
corner breaks or angular chamfers, which 
are easily cut by means of tools having 
corresponding shapes. 

Workpieces with cuts only parallel or per- 
pendicular to the centerline of rotation repre- 
sent a large percentage of lathe work and are 
machinable on a wide range of standard en- 
gine lathes having tool carriages or cross 
slides that operate either parallel or at 90° to 
the centerline of rotation. For turning work- 
pieces of this class, size is the major factor in 
choosing the most suitable equipment. 

Regular lathes can be altered to generate 
more complex shapes (such as angles and 
large radii) by the use of cams and angular 
slides. For small production quantities, 
these auxiliary devices may be impractical 
because of the setup time required for 
changing from one shape to another. Large 
production quantities, however, may justify 
the use of these modified machines, partic- 
ularly the duplicating lathes (copying, trac- 
er, profiling, numerical-control, or continu- 
ous-path machines). 

Irregular-shape workpieces are those 
that require the use of a specific type of 
lathe in order to be turned satisfactorily. 
Crankshaft lathes, a notable example, use 
special center drives to turn and face main 
bearing sections and use double-end drives 
to turn and face rod-bearing sections. 

Many irregular-shape parts are out of 
balance when rotated, which may require 
the application of counterbalances to the 
spindle. chuck. or workpiece. The need for 
counterbalancing is influenced by the de- 
gree to which parts are out-of-balance, 
speed of rotation, available power, or a 
combination of these variables. 

Workpieces that have L-shape or T-shape 
sections and those that have large flanges 
may require a swing diameter greatly out of 
proportion to the stem diameter. Often gap- 
frame lathes are the best choice for these 
types of workpiece and for others that re- 
quire large swing clearances in specific lo- 
cations along the lathe bed. 

Workpieces with extremely high length- 
to-diameter ratios, such as long sections of 
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pipe or shafting, are also considered irregular. 
A stabilizing rest is a common lathe accessory 
employed in this situation. In many 
such parts require turning only on the ends 
and can be machined efficiently in a hollow- 
spindle or center-drive lathe. 

Special lathes can be obtained to machine 
almost any configuration, but usually their 
is justified only when large quantities 
s ar parts must be produced. The 
example that follows describes a method 
devised for adapting an irregular-shape part 
for machining in a large engine lathe. 

Example 4: Special Method of Holding 
a Large, Irregular Part. The large 770 kg 
(1700 1b) fabricated stainless steel part 
shown in Fig. 14 required boring. facing, 
and threading at each end. Chu i this 
part presented a problem because during 
machining each end had to be free of cen- 
ters of chucks to prevent restriction of the 
tool. The problem was solved by tack weld- 
ing two bands to the body of the part, as 
shown in Fig. 14. Each band was rolled of 
13 mm (Ve in.) plate and was tack welded in 
two halves. 

‘The part was chucked externally at the 
headstock, using a four-jaw chuck, and in- 
ternally at the tailstock. using a revolving 
three-jaw chuck. The bands were turned 
true and to the same diameter. The part was 
then held and driven by the four-jaw chuck 
at the headstack. A steady rest was used at 
the farther band to support the part. After 
one end had been bored, faced. and thread- 
ed, the part was reversed, and the other end 
was machined. The bands were then re- 
moved by grinding away the tack welds. 























Equipment Capacity 

‘The capacity of lathes has been continu- 
ally increased in terms of power. speed. 
feed, and thread range. 

Horsepower rating must be considered 
when selecting a lathe, because power con- 
sumption is in direct ratio to the rate of 
metal removal, which in turn is related to 
production rate. With carbide and ceramic 
cutting tools, it is practical to use surface 





speeds ranging from 3 to 610 m/min (10 to 
2000 sfm). With high-speed steel tools, feed 
rates up 10 1.5 mm/rev (0.060 in./rev) on 
cuts up to, or beyond, 25 mm (1 in.) in depth 
are commonly used. 

Power requirements for one carbide tool, 
on average work and operating at optimum 
speeds. can range from 3.7 to 22 KW (5 to 30 
hp); such a range is typical in tracer-lathe 
turning. In applications involving extremely 
deep cuts (for example, 64 mm, or 2! in., 
cuts in turning steel rolls), more than 225 
kW (300 hp) may be required. 

Spindle-Speed Range. A lathe must be 
able to rotate a given size of workpiece fast 









for the tool mate! 
and the workpiece 
bon and alloy steels, approximate ranges of 
surface speeds for various tool materials are: 











| Sac speed — | 
"Tool material тупшо. Ут 
High-speed мее! .... .. 00 10-200 
Cast cobalt-base alloy .. 15-90 50-300 
Tungsten carbide. e. 75-245 250-800 
Titanium carbide 75-460 — 250-1500 
150-610 500-2000. 





Production Quantity 


The quantity of parts to be machined has 
ect bearing on the type of lathe select- 
ed, primarily because of c Although 
setup time for an engine lathe is usually less 
than for a comparable job on any other 
lathe, the engine lathe requires more oper- 
ator supervision, and production time per 
piece is usually greater; consequently. for a 
majority of parts, it economical to pro- 
duce only small quantities on engine lathes. 
Production volumes above the break-even 
point favor machinery such as turret lathes 
and single-spindle and multiple-spindle au- 
tomatic lathes. This is demonstrated in the 
three examples that follow. 

Example 5: Comparison of Time Re- 
quired to Produce a Part on an Engine 
lathe Versus a Ram-Type Turret Lathe. 
To produce five pieces of the part shown in 














Table 10 Effect of quantity on 
choice of machine(a) 
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the part illustrated above. (b) Estimated: the part wus fol actually 
machined on а sbespindie automatic machine. Dimensions in 
figure given in inches 
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—  "Mehedu) — 
Machining conditions Engine tbe Тосты lathe 
Speed, revimin 0. MU 450 
Speed, m/min (sfm) Sha) 821270) 
Feed. mmirev fin./rev) .....0.10 (0.0041 0.10 (0.004) 
Setup time. min 45.6 [Li 
Productionih. piece ........9 20 





Workpiece hardness, HRC ..34 м 






1 both methods, carbide tols were used. and cach produced 
haut 0 pleces per grind; tool change limes were equal, and 
Water-soluble ой was Used as the cutting fluid 
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А Comparison of setups and operating con- 
Fig. 16 акоп, for tuning о tubular part in on 
engine lathe and in a turret lathe. Dimensions given in 
inches 
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Fig. 17 нес of machine variables on roundness, taper, ond foce flatness of workpieces 


Fig. 15(a) takes a total of 41.70 min, or 8.34 
min per piece, on the engine lathe, com- 
pared with a total of 93.40 min, or 18.68 min 
per piece, on the turret lathe setup shown in 
Fig. 15(b). For 100 pieces, the total time is 
454 min, or 4.54 min per piece, on the 
engine lathe, but a total time of only 348 
min, or 3.48 min per piece, on the turret 
lathe. If the labor and overhead rates and 
capital costs are nearly the same on both 
machines, and they usually are for ma- 
chines such as these, a comparison of the 
operation times indicates which machine is 
more economical for a required number of 
pieces. Such an analysis bears out the prin- 
ciple that the engine lathe is usually eco- 
nomical for a few pieces, but for larger 











numbers, the turret lathe shows lower 
costs. 

Example 6: Engine Lathe Versus Turret 
Lathe and Single-Spindle and Six-Spii 


dle Automatics. The data in Table 10 com- 
pare productivity and setup times for four 











different types of machines, for turning. 
drilling. and threading a small stainless steel 
part (inset sketch in Table 10). From this 
comparison it is evident that for machining 
this part in quantities of morc than ten. 
machines other than an engine lathe are 
more efficient. For the engine and turret 
lathes, one operator was required for each 
machine, whereas one operator could han- 
dle four single-spindle automatics or (it was 
estimated) three pindle automatics. 
Example 7: Engine Lathe Versus Turret 
Lathe. The tubular part shown in Fig. 16 
was produced in annual quantities of about 
1600, in lots of 200 pieces. Originally, a 3.7 
kW (5 hp) engine lathe was used (center 
sketch in 16). Speed and feed were 
restricted to values substantially below the 
nominal (see comparison in Table 6). be- 
cause of problems in maintaining rigidity. 
Changing to a more rugged 11 kW (15 hp) 
turret lathe (bottom sketch in 16) per- 
mitted turning at a 50% increase in speed, 
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Original method (three automatic lathes) 














H Typical tolerance relationships that can be 
Fig. 18 Tj precision turning. Dimensions given 
in inches 


and also allowed both ends of the part to be 
turned simultaneously. Although the turret 
lathe cost 150% more to set up than the 
engine lathe, the turret lathe produced parts 
at 53% of the cost per unit piece of the 
engine lathe. 

Because both tools were operated from 
the cross slide, an engine lathe rated at 11 
kW (15 hp) could have been used. Howev- 
er, a turret lathe was preferred because the 
turret could be manipulated in less time 
than a tailstock, thus reducing loading and 
unloading time. 





Dimensional Accuracy 

In turning a simple cylinder with a single- 
point tool cutting perpendicular to the axis 
of rotation, straightness of cut depends on: 


© Squareness of the cross slide to the spin- 
dle centerline 

* Axial movement of the spindle 

@ Vibration of the cutting tool at the tip and 
tool wear 


Assuming inaccuracy to be 0.0025 mm 
(0.0001 in.) for cach of these three fac- 























Lathe 1 
| 
Ыы | 
Lathe 1 cathe 2 
Macsined worepiesa 4820 steel 
Improved method (two tracer lathes) (weight, 34 Ib) 
Tool 
Speed Feed, mm/rev changing, Machining time. 
Method Гена mimin (sm) inrer) Cutting fluid ‘Tool materiai Tovi Ufe, pieces minh per plece, min 
Original (hree automatic lathes)... 90 25 (Mi max 0.25 (6.010) — Solublesiwarer (1:25) High-speed steel 100 per grind 52 41M 
Improved (two tracer lathes)... .. 440 SNO 123 (405) 0.36 (0.014) Soluble-oil:water (1:25) Disposable carbide 50 per insert 90 2477 
Fig. 19 Стае Fom three automatic lathes о two tracer lathes that provided rigidity required for obtaining dimensional accuracy in machining а forged inion gear blank. 
9. Workpiece hardness, 217 to 241 HB. Dimensions in figure given in inches 
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tors, minimum variation in machined dimen- 
sion could not be less than 0.0025 mm 
(0.0001 in.) and might equal the sum of 
these three inaccuracies, or 0.008 mm 
(0,0003 in.). 

imetral roundness is related directly 
to the lathe spindle run-out. Most spindles 
rotate in a preloaded angular bearing to 
eliminate side and end movement. Lathes 
are available with spindles that do not ex- 
ceed 0.0005 mm (0.000020 in.) run-out, total 
indicator reading. The relationship of work- 
piece roundness to spindle run-out is shown 
in Fig. 17a). 

Diameter variation (taper) depends on 
the relationship of the axis of rotation of the 
workpiece, in both the vertical and the 
horizontal planes, to the longitudinal travel 
of the tool and carriage. Any relationship 
other than true parallelism will result in 
taper of the workpiece. The relationship is 
shown in Fig. 17(b). 

Face flatness is influenced by the align- 
ment of the cross slide with the axis of 
rotation of the workpiece. Any variation 
from a true perpendicular relationship re- 
sults in either a high or low center. depend- 
ing on the direction of misalignment. Align- 
ment is checked by facing a surface on a 
dummy blank approximately 102 mm (4 in.) 
in diameter. An indicator is then mounted 
‘on the cross slide and traveled completely 
across the machined face. The total indica- 
tor movement registers face fatness result- 
ing from both vibration and misalignment of 
the cross slide due to cam action. Cam 
action, or end camming, is the amount of 
movement of the spindle along the spin axis 
under dynamic conditions; cam action of 
the spindle on a precision lathe should be 
less than 0.0025 mm (0,0001 in.). The effect 





























of cross-slide alignment on face flatness of 
the workpiece is shown in Fig. 17(c). 

Diameter accuracy depends to some de- 
grec on operator skill. The cross-slide posi- 
tioning dial on precision lathes is graduated 
in 0.025 mm (0.001 in.) increments, but 
these increments are about 3.2 mm (%4 in.) 
apart on the dial. A capable operator can 
control turned diameters within 0.008 mm 
(0.0003 in.) by estimating settings between 
dial markings. With precision gaging, an 
experienced operator can sometimes hold 
diameters within 0.0025 mm (0.0001 in.). 
Digital readouts can help a less experienced 
operator. Repeatability of the lathe should 
be within half of the lowest divisional value 
on the cross-slide dial. 

Length dimensions are measured paral- 
lel to the axis of rotation. Accuracy de- 
pends on positioning of the longitudinal 
slide. Precision lathes are capable of hold- 
ing a tolerance of 0.013 mm (0.0005 in.) on 
length. On manually operated lathes, how- 
ever, an experienced operator can usually 
improve this capability by means of dial 
gages on machine slides for reference po- 
sitioning. 

The relationship of tolerances to each 
other are often more meaningful than toler- 
ances on individual dimensions. Tolerance 
relationships that can be maintained in pre- 
cision turning are given in Fig. 18. The data 
in the charts in Fig. 17 show that tolerances 
of this order of magnitude can be main- 
tained with precision lathes. 

Lathe selection on the basis of dimen- 
sional accuracy required is illustrated in the 
example that follows. It describes an appli- 
cation in which reselection of machinery 
was necessary to meet a more typical toler- 
ance of 0.13 mm (0.005 in.). 
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Operation 


three chuck Jaws grip workpiece on inside diameter, and stops arc 


retracted by lever. In this position, both sides 
diameter edges are chamfered. 


ce A is positioned against three retractable stops; then Operation 
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Machining conditions ‘Stub inthe Tracer lathe 
Speed. rev/min (M6 2100 

ced. m/min (sfm) 135 018] 200 (655) 
Feed, mmirev (in./rev).. ... 0,300 (0.0118) 0.25 (0.010) 
Depth (turning), mm ип) 244332) — 2482) 
Cutting fluid. soluble oil; 

water. ` vasi MS. 125 
Tool material HSS Carbide 
Tool life, piece 786) TNI 
Setup time, min. 22% E 
Downtime for tool change. 

minic) Ie R 15 
Machining time, min.......3.029 1.476 
Workpiece hardness, HB . , 179-197 179-197 


аз) Per grind. Ib} Per tip (disposable type), 4c) Por R h shift 








Comparison of setup ond processing de- 
ig. 20 ij for machining differenfiol-cross arms 
in a stub lathe ond in о tracer lathe. Dimensions in figure 
given in inches 


Example 8: Change From Automatic to 
Tracer Lathes for Rigidity. A tolerance of 
0.13 mm (0.005 їп.) was specified for all 
finish-machined dimensions on the forged 
4820 stecl pinion-gear blank shown in Fig. 
19. Machining operations included turning, 
chamfering. facing, and grooving; stock re- 











section A-A 


1020 steel 


Btn 


Outside diameter 15 turned, edge of face B chamfered. 
Operation 3: Workpiece is reversed, and face B is placed against stops: 
then chuck jaws grip workplece on outside diameter, and stops are 


retracted. Inside diameter 1s bored, and edge of face A ts chamfered. 


Fig. 21 Setup using specially designed chuck, showing sequence of operations for machining ring-aeor blanks in two chuckings. Dimensions given in inches 
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| |2 i Influence of speed on surface finish, at 
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24 F LESE 
ir we 1 | c^ 
Es 4 | 
5 chamfer T 6 Tnreod T 7 Drill eight radial поез. 
(0.09 by 45°) I 1 G.B: diam | : | 
Speed, at 210 rev/min, m/min (sfm) 151495) — Tool material... Я Carbide | 
Feed, turning, тпутеу (in./rev) 0.51 (0.020) — Tool life per grind, piece... Ве: 
Depth of cut, mm (in.) Downtime for tool change. min. dne ES) 
Rough turning OD ‚ 4A w) Setup time. һ..............-- 2 | "ә 
Finish turning neck ок) Cycle time per piece, һ. 1.178 | 
Cutting fluid. - None Productionh. piece ogs | 8620 steel 
Hardness, HB. . 140-160 
i Setup and conditions for performing seven machining operations in one chucking in an engine lathe, Туре of carbide tool 
Fig. 22 51% per ‘oper ngi м 
g. the use of a special threaded odapter at headstock. Dimensions in figure given in inches Steelcutting Special TIC 
Machining conditions prade (C-B) grade 
7 "ы" y y кп Speed, rev/min mc 1040 
moval ranged from 2.4 to 6.4 mm (%2 to а erated. There are two methods for increas- Speed, mimin (sfm) -.----. 195 (639) 343005 
in.) per side. ing the efficiency of an engine lathe: Feed, mm/min (in./min).... 0.20 (0.008) — 0.20 (0.008) 
Originally, three 11 kW (15 hp) automatic М Depth of cut, mm (n.)..... 0.51 (0.020) 0.51 (0,0201 
p " . s a ва ent. Fi c 2 
lathes and а total of 20 tools were used to ° BY, the use of a duplicating attachment. Finish obtained. um (gin). 4.5 (180) — 200080 
complete the uence of operations. (to which can do several operations consec- — Cycle time per piece. s IW 10 
a P р utively by means of program control Workpiece hardness, HB .. 149-189 149-189 


row of sketches in 19). These ma- 
chines, however, were not rigid enough to 
withstand the forces from the heavy stock 
removal. Consequently, size variation of 
the workpieces and tool breakage were con- 
stant problems, despite the use of a feed 
rate two-thirds the nominal value (see com- 
parison in Table 6). 

To improve dimensional accuracy and 
decrease tool breakage, as well as to im- 
prove production efficiency, the job was 
transferred to two 30 kW (40 hp) tracer 
lathes using only eight tools (Lathe 1 and 
2, bottom row, Fig. 19). The superior 
rigidity of these machines eliminated tol- 
erance and tool breakage problems and 
made it possible to change from high speed 
steel tools to carbide tools, thereby in- 
creasing speed and feed. The change to the 
tracer lathes reduced machining time per 
piece by 40%. 











Number of Operations 

The number of operations that can be 
performed on an engine lathe is almost 
limitless. The unmodified engine lathe. 
however, using one single-point tool, can 
generate only one surface at a time, and the 
tool or tool position, or both, must be 
changed before another surface can be gen- 


@ By the use of multiple-operation accesso- 
ries and attachments, such as a turret, to 
permit simultaneous or consecutive oper- 
ations by two or more different tools 


The three examples in the remainder of 
this section describe applications in which 
lathe efficiency was increased by various 
methods that made it possible to perform 
several operations in one setup. 

Example 9: Three Operations With One 
Tool in Tracer Lathe. Originally, a 3.7 kW 
(5 hp) stub lathe was used for machining the 
four arms of a differential cross forged from 
8622 steel. By this method (sec upper 
sketch in Fig. 20), three high-speed steel 
tools were required for turning, chamfering, 
and facing cach of the four sections in 
separate chuckings. 

The job was transferred to an 11 kW (15 
hp) tracer lathe, which performed all three 
operations with one tool, and which also 
used a double. rather than a single, driving 
arm (see lower sketch in Fig. 20). The 
changes in machine and driving mechanism 
increased rigidity enough to permit the use 
of a carbide tool, which in turn allowed a 
higher speed and shorter machining time. 
Operations at a feed rate below nominal 
with carbide tools made possible a speed 





i Improvement in surface finish and machin- 
Fig. 24 iY efficiency thot resulted from change in 
composition of carbide tools used for turning, facing, 
‘and chamfering cluster-gear blanks. Dimensions in figure 
given in inches 


50% greater than nominal (see Table 6), and 
five times greater than that used with the 
high-speed steel tools in the stub lathe. 
Processing details for the two methods are 
compared in the table in Fig. 20. 

Example 10: Special Chuck for Ring- 
Gear Blanks. Ring-gear blanks that re- 
quired machining all over were formerly 
machined by means of two chucks and two 
setups. To reduce handling and permit ma- 
chining of all faces in one setup, a special 
hydraulically operated chuck having 76 mm 
(3 in.) of jaw travel was designed. This 
chuck permitted the machining of all surfac- 
es in two chuckings. Setup and sequence of 
operations are given in Fig. 21. 

Example 11: Seven Operations in One 
Chucking, Using Threaded Adapter. By 
using a threaded adapter at the headstock 
end of an engine lathe, and a male center in 
the tailstock, it was feasible to perform 
seven operations on tubular parts їп a single 
chucking (Fig. 22). The workpiece had pre- 
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Example of Use. To determine the nose radius required for obtaining a finish of 125 ріп. when turning 1 
1. On chart 1, locate 365 sim (point A). From point A, follow a vertical line to its intersection with the 
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1400) 





Speed, тутип (sfm) 


line to determine the ratio of actual to theoretical finish (point C). 


2. Locate ће specified 125 pi 
шп, (point E). 








095 steel at a speed of 111 m/min (365 sfm) and a feed of 0.015 in./rev. 
"Steel ond other ductile material” curve (point B). Follow а horizontal 


finish on the “Actual finish" scale (point D), then draw a line from point D to point C. This line crosses the "Theoretical finish” scale at 120 


3. On char! 2, locate the theoretical finish of 120 pin. (point F). Follow a horizontal line to its intersection with the 0.015 in./rev feed curve (point С). Follow a vertical line 


опа find that required nose radius is 0.090 in.; the nearest standard radius is 332 in. 
4. |f machine and work conditions are such that a heavier feed rate could be used, 


line indicates a required nose radius of 0. 175 in.; the standard radius is Vs in. 
Fig. 25 Nomograph for estimating nose radius required for obtaining specified surface finish 


viously been bored and internally threaded 
то permit the use of the threaded adapter. 
Machining details are given in the table 
accompanying Fig. 22. 

The first six operations included turn- 
ing, undercutting, chamfering. and thread- 
ing. After completion of these operations. 
rotation was stopped and eight cross 
holes, equally spaced around the periph- 
ery, were drilled through the cylinder wall. 
The cross-hole drill was powered separate- 
ly and mounted on a quick-change holder. 
Adequate accuracy for radial spacing of 
the holes was obtained from marks on the 
adapter and a fixed pointer on the head- 
stock. Speed and feed for the turning op- 
eration were about one-third higher than 
the nominal values shown in Table 6. 





Surface Finish 

The surface roughness obtained in lathe 
turning. aside from being dependent on 
workpiece material and hardness, is influ- 
enced by tool material and its relation to 
speed and feed rate, by tool design (partic- 
ularly, tool nose radius), by the rigidity of 
the machine and the tool, and by the type 
and effectiveness of the cutting fluid used. 

Tool Material, and Speed and Feed. 
Welding of chips to cutting tool (edge build- 
up) is the major cause of surface roughness. 
Because the speed at which buildup occurs 
varies for different tool material, selection 
of tool material for obtaining the smoothest 


finishes depends on the surface speed to be 
used. 

With high-speed steel tools, a built-up edge 
forms more readily as speed increases. The 
smoothest surfaces possible using high- 
speed steel tools are obtained at speeds of 
1.5 to 3 m/min (5 to 10 sfm), which are too 
low to be practical for most production appli- 
cations. 







ly. edge buildup on carbide 
imized by using a surface speed 
high enough to cause plastic flow of the chip 
(for ductile metals). A satisfactory guide for 
determining whether speeds are high 
enough in machining steel is the color of the 
chip after cooling. The absence of any heat 
color, even straw color, on steel chips indi- 
cates their removal at a surface speed too 
low for the material being turned, a practice 
that usually results in poor finish and short 
tool life. 

Figure 23 shows the relationship between 
finish and surface speed. At any specific 
feed rate, surface finish stabilizes at 120 to 
150 m/min (400 to 500 sfm). These data also 
show the pronounced influence of feed rate 
on surface finish. 

For any given workpiece material. the 
finish obtained in turning with carbide tools 
is influenced also by the composition of the 
carbide. Straight tungsten carbide is suit- 
able for brittle metals like cast iron, but 
tools that contain titanium carbide give 
much better results, in terms of fi 














‘extend line F—G to intersect the 0.020 in./rev feed curve (point H), From point H, the vertical 


lowable speed, and tool life, for turning 
steel and other ductile metals. 
In addition to conventional stecl-ci 








more readily resist adhering 10 st 
pieces over a wide range of speeds (75 to 365 
m/min, or 250 to 1200 sfm). compared to 
conventional grades. As a result, these spe- 
cial grades are sometimes used for the pri- 
mary purpose of obtaining better finishes, the 
higher speeds they can withstand being an 
added benefit in some instances. These spe- 
cial grades, however, are more brittle than 
conventional grades, and consequently they 
must be used for relatively light feeds under 
conditions of maximum rigidity. 

The following example describes an ap- 
plication in which a special grade of titani- 
um carbide proved to be advantageous. 

Example 12: Improved Finish and 
Higher Speeds With Special Carbide. The 
tools originally used for turning 
and chamfering cluster-gear blank: 
automatic lathe (setup shown in Fig. 24) 
were made of a conventional steel-cutting 
grade of carbide. As shown by the com- 
parison of operating details in the table in 
Fig. 24. changing to tools made of a special 
grade of titanium carbide not only allowed 
higher speed and decreased cycle time, it 
also resulted in an improvement in surface 
finish from 4.50 to 2.00 pm (180 to 80 











Depth of cut (within any reasonable op- 
erating range) has little influence on the 
finish obtained when carbide tools are used. 
However, as the depth of cut increases, 
chip control becomes more critical. The 
chip breaker must provide a uniform move- 
ment of the chips away from the turned 
surface, because chips that are directed 
onto the turned surface will scratch the 
workpiece, and particles of these chips will 
weld to the workpiece surface. 

Nose radius of the (ool exerts an impor- 
tant influence on the surface finish obtain- 
able. The nose radius required for obtaining 
a specified surface finish may be estimated 
by means of the nomograph in the example 
below (see Fig. 25). 

Example 13: Effect of Tool Nose on 
Finish. A shaft made of 4130 steel (hard- 
ness, HRC 34) was turned in an engine lathe 
with carbide tools. Specified finish was 1.25 
pm (50 ріп.). At a speed of 712 rev/min (82 
m/min, or 270 sfm), feed of 0.19 mm/rev 
(0.0075 in./rev) and depth of cut of 0.64 mm 
(0.025 іп.). tools ground with a nose radius 
of 3.2 mm (!& in.) could produce only an 
unacceptable 2.50 jm (100 pin.) finish. This 
was reduced to 1.88 pm (75 pin.) by grind- 
ing the tool nose to a 6.4 mm ("A in.) radius. 
The specified 1.25 шт (50 pin.) finish was 
finally obtained by using a 3.2 mm (М in.) 
radius tool on which a small flat had been 
ground. The flat, 0.13 to 0.20 mm (0.005 to 
0.008 in.) wide to correspond with feed rate, 
produced a skiving action on the work sur- 
face. 

Rigidity of machines and tools has a large 
influence on surface finish, other factors 
remaining constant. Chatter develops at 
lower speeds in machines that have loose 
bearings or other vital parts that need repair 
than in well-maintained machines. Nonrigid 
tools and holders also allow chatter to de- 
velop at lower speeds than when rigidity is 
good. The immediate result of chatter is 
roughness of machined surfaces, and the 
eventual result is short tool life. 

Machines having preloaded ball-bearing 
(or roller-bearing) spindles provide the ri- 
gidity necessary for meeting stringent re- 
quirements on finish and tolerance. 

















Cutting Fluid 


Although for some applications of lathe 
turning cutting fluids are neither needed nor 
desired (for example, most cast iron parts. 
and some steel parts, are machined dry) in 
most applications, some type of cutting 
fluid is used. Cutting fluids serve the same 





purposes in lathe turning as in other metal- 
cutting operations: to cool workpieces and 
tools, to cool and flush away ci 
promote cutting action by minimizing ad- 
herence of tool and workpiece, and to pro- 
tect the workpiece from corrosion. 





Fluid Classification 

Surface finish and tolerance require- 
ments, work metal composition, and the 
specific types of operation influence the 
choice of cutting fluid. 

Soluble oil (in mixtures at various con- 
centrations with water) is the most widely 
used cutting fluid, both because it is the 
least expensive and because unexcelled 
by any other fluid in ability to cool and to 
flush away chips. Soluble oils are nonflam- 
mable and nontoxic, and are safe to use 
with virtually all metals without fear of 
staining. Most soluble oils contain inhibi- 
lors that prevent them from causing ferrous 
metals to rust. The usual mixture is about 1 
part oil to 20 parts water; proportions are 
not critical, however; in some instances 40 
parts water may be used to dilute 1 part oil 
without significant change in results. 

However, soluble-oil emulsions are far 
less effective than many other cutting fluids 
for promoting cutting action and preventing 
edge buildup. As required smoothness and 
dimensional accuracy increase, some oil or 
nonaqueous oil mixture is needed. 

Straight mineral oils arc often used when 
soluble oils do not meet requirements, partic- 
ularly when the work material is not free- 
machining or when specified finish exceeds 
the capability of soluble oil, Mineral oils with 
a viscosity of about 100 Saybolt Universal 
Seconds (SUS) (at 40 °C, or 100 °F) are most 
commonly used, although oils with a viscos- 
ity of only about 40 SUS (such as mineral seal 
oil) are used in many applications. 

Blended cutting oils of various viscosi- 
ties are readily available as proprietary 
compositions. Most of them are basically 
mineral oils, blended with sulfur com- 
pounds, animal fats, and other materials. 
They may be used as-purchased or cut with 
mineral oils, depending on prior experience 
with similar jobs. 

Although any straight oils are less effec- 
tive than soluble oils (oil-water emulsions) 
for cooling and washing away chips, all 
oils (particularly those containing sulfur 
compounds or other special additives) are 
more effective for improving cutting ac- 
tion. When chatter develops as the result 
of vibration or other causes, unacceptable 
surface finish and short tool life are in- 
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evitable. Cutting oils are more effective 
than soluble-oil emulsions for preventing 
chatter. 

Special Oils and Mixtures. In applica- 
tions that demand maximum performance 
of cutting fluids, high-viscosity thread-cut- 
ting oils or lard-oil mixtures are preferred. 
These special cutting fluids are especially 
effective for cutting threads that require 
smooth surfaces. 

Lard oil is one of the best for promoting 
cutting action, but because of its high vis- 
cosity, it is impractical for high-production 
applications. However, it is often used in 
small lathes for toolroom or pilot produc- 
tion applications. 

Both thread-cutting oil and lard oil are 
often mixed with mineral oil to reduce viscos- 
ity to a practical level. These mixtures still 
retain some of the advantages of the undiluted 
oils. Neither of these special oils, however, is 
equal to a soluble-oil emulsion in capability 
for cooling or for washing away chips. 


Compatibility With Metals 

All of the cutting fluids discussed above 
can be used for machining ferrous metals 
without danger of staining or corroding the 
work. However, not all of these cutting 
are compatible with all metals, For 
instance, sulfurized oils are likely to stain 
е alloys, beryllium alloys, and 
alloys. The Section *' Machining 
of Specific Metals and Alloys" in this Vol- 
ume contains information concerning the 
cutting fluids that are compatible with both 
ferrous and nonferrous metals. 

Contamination of cutting fluids may 
cause excessive variation in workpiece fin- 
ish or dimensions, short tool life, or corro- 
sion of the workpieces. Common contami- 
nants include: tramp oil, usually from 
hydraulic system ater, from any of sev- 
eral sources; fine chips; and bacteria, which 
cause rancidity and breakdown of cutting 
fluids by organic decomposition. 

Normal preventive maintenance will 
usually forestall serious contamination 
from tramp oil or water. At a minimum, 
the circulating system should include a 
screen (50 to 100 mesh) to prevent chips 
from being returned to the machining area. 
For more stringent tolerance and finish 
requirements, cutting fluids should be cir- 
culated through filters. Contamination by 
bacteria can be prevented by purchasing 
oils that contain microbe inhibitors. Wa- 
ter-oil emulsions (soluble oils) used for 
machining ferrous metals should contain a 
rust inhibitor. 














BORING is a machining process in which 
internal diameters are generated in true 
relation to the centerline of the spindle by 
means of single-point cutting tools, and it is 
the most commonly used process for enlarg- 
ing or finishing holes or other circular con- 
tours. Although most boring operations arc 
done on simple, straight-through holes 
(ranging upward in diameter from about 6 
mm. or Мз in.), the process is also applied to 
a variety of other configurations. Tooling 
can be designed for the boring of blind 
holes, holes with bottle configurations, cir- 
cular-contoured cavities, and bores with 
numerous steps, undercuts, and counter- 
bores. The process is not limited by length- 
to-diameter ratio of holes; with the work- 
piece properly supported, holes having 
diameters that exceed length (or vice versa) 
by a factor of 50 or more have been suc- 
cessfully bored. 

Boring is sometimes used after drilling to 
provide drilled holes with greater dimen- 
sional accuracy or improved finish. It is 
more widely used, however. for finishing 
holes too large to be produced economically 
by drilling, such as large cored holes in 
castings or large pierced holes in forgings. 
In many applications, boring is done in 
conjunction with turning, facing, or other 
machining operations. The scope of this 
article is limited to applications in which 
boring is the sole operation or in which it is 
the major operation in a machining se- 
quence. 





Metal workpieces have been bored on 
almost every type of machine that has facil- 
ities for rotating a spindle or a workpiece. 
Most boring, however, is done on the ma- 
chines (or modifications of them) discussed 
in the following paragraphs. Electronic (nu- 
merical) control can be used with many of 
these machine: 

Engine lathes arc versatile and are used 
for a variety of boring operations—usually 
for single-tool jobs. Lathes provide maxi- 
mum rigidity, because of their massive, 
single-unit construction, and permit the use 
of supporting members such as steady rests 
or boring-bar supports. 

In most operations. the workpiece is 
clamped to the face plate or chuck and is 
rotated by the spindle in the headstock, the 
boring tool is secured to a bracket mounted 




















Boring 


on the tool-post carriage, and power is sup- 
plied to the tool from the carriage. Occ: 
ally, however, the workpiece is mounted on 
the lathe compound and is fed into the rotat- 
ing boring tool, which is mounted between 
the headstock and the tailstock and is pow- 
ered by the headstock spindle. 

The use of engine lathes for boring is 
usually restricted to the machining of a 
single part (or, at most, a few identical 
parts), because setups are cumbersome and 
expensive, and because only onc hole can 
be bored at a time. Other limitations on the 
use of engine lathes for boring are: 






e The swing of the lathe limits the maxi- 
mum projection from center of the work- 
piece 

© Bed length limits maximum length of car- 
riage feed 

€ Workpieces must be symmetrical. or 
very nearly so, because off-center config- 
urations cause a serious out-of-balance 
condition 


Turret lathes are modifications of engine 
lathes and are used extensively for boring. 
The use of turret lathes, however. is subject 
to the same limitations with respect to 
workpiece size and configuration that apply 
to engine lathes (sce list above). 

Turret lathes are better adapted to high 
production than engine lathes. The main 
advantage of a turret lathe is that the rotat- 
ing turret can be tooled for performing as 
many as eight different operations in a con- 
tinuous sequence. This sequence often in- 
cludes turning, facing, drilling, reaming, 
tapping, and other machining operations, in 
addition to boring. 

Bar machines (screw machines), which 
in turn are modifications of turret lathes, 
enable a further increase in production of 
parts that are made from bars or tubes. 
Production can be still further increased by 
the use of a multiple-spindle automatic bar 
machine, designed so that every tool is in 
operation at the same time, but on a differ- 
ent piece of material. This principle is also 
used on chucking machines. 

Vertical boring mills embody the funda- 
mental elements of the lathe. At times the 
choice between these two types of ma- 
chines depends on availability, although the 
vertical boring mill has its own area of 
application. Vertical machines are more ap- 
propriate for workpieces that are so large. 
heavy, or seriously out of balance that they 














are easier to lay down on a table than to 
hang on the face plate of a lathe, Hence, 
vertical boring mills are commonly used for 
boring and turning operations on heavy 
workpieces, such as large rings and short 
cylinders. The weight of a heavy workpiece 
is distributed uniformly over the table of the 
boring mill and can easily be supported by 
the machine base. 

Vertical boring mills are especially suited 
for heavy workpieces that require indicating 
during setup. With these machines а work- 
piece can be placed on the horizontal table, 
set up, leveled, and given a trial cut with 
temporary clamping. Counterbalance can 
be applied 10 the top of the work table to 
compensate for off-center loads. Two or 
more too! be operated simultaneously, 
thus permitting two or more boring opera- 
tions, or boring and turning operations, to 
be done at the same time. Another advan- 
tage of the vertical mill is that it requires 
less floor space than an engine lathe of 
equivalent capacity. 

Vertical turret lathes include features of 
the vertical boring mill. In addition, they are 
equipped with a turret on the main head and 
a turret toolholder on the side head. A 
second vertical head may be mounted on 
the crossrail, and a second side head may be 
mounted on the opposite side of the ma- 
chine; these modifications provide the ma- 
chine with greater flexibility and increase its 
capacity for simultaneous multiple cutting 
on a variety of work. 

Horizontal boring mills are preferred for 
a wide variety of production work. In these 
machines, the workpiece remains station- 
ary, and the tool rotates. In some setups, 
the work is fed toward the tool; in others, 
the tool is fed toward the work. 

Horizontal boring mills are of thrce princi- 
pal types: table, planer, and floor. The table 
type feeds horizontally on saddle ways, both 
parallel with and at right angles to the spindle 
axis. The headstock can be moved vertically 
on the column, and the spindle is fed horizon- 
tally. Because of its flexibility, this type of 
ine is especially well-suited to work in 
which other machining operations are per- 
formed in conjunction with boring. 

The planer type of machine is similar to 
the table type, except that the supporting 
table can be moved only at right angles to 
the spindle. On some planer-type machines, 
the housing can be fed in and out on a slide, 
in the same direction as the spindle. 
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Fi 1 Thirteen types of boring tools. (a) Single-point cutter mechanically secured to boring bar, with no screw 
19. 1 юс adjustment. (b) Similar to (a), except for adjusting screw, which permits advancement of cutter to 
compensate for weor. (c) Universal head, or box tool. (d) Stub boring bar. (e) Detachable head. (f) Detachable head 


suited іо mounting on end of stub or line boring bar. (9) Blade-type tool with two identical cu 
tool in which cutter is inserted through the body to provide two cutting edges. (i) Multiple-diameter head 


(h) Blade-ty 





ing inserts 180° apart. 


with indexable inserts. (k) Offset head. (m) Offset head with mieroadjustment. (n) Head for generating a radius. (p) 


Head for boring at right angle to axis of boring bar 


The floor-type machine uses a stationary, 
T-slotted floor plate, instead of a table. for 
supporting workpieces. This type of ma- 
chine is used for machining workpieces tha 
are too large or heavy for reciprocating 
tables. Horizontal feeds perpendicular to 
the spindle axis are obtained by movement 
of the column along the baseways, rather 
than by movement of the workpiece. 

Drill presses, especially of the radial 
type, are sometimes used for boring. usual- 
ly when only a few parts require boring. The 
difficulty of holding tolerances because of 
lack of rigidity is the main disadvantage in 
the use of drill presses for boring. This can 
be partly overcome by clamping workpieces 
in fixtures that allow the boring-bar exten- 
sion to enter a bushing in the fixture on the 
side of the workpiece opposite the spindle. 














Precision boring machines are required 
for boring to tolerances of thousandths of a 
millimeter. These machines are available in 
either vertical or horizontal models with 
one or more working spindles. 

Precision boring machines are of two 
basic types: 
€ Those in which the spindle is mounted on 

a fixed bridge and the workpiece is 

mounted on a reciprocating table 
ө Those in which the spindle is mounted on 

a reciprocating table and the work hold- 

ing fixture is mounted on a fixed bridge 


With either type. the workpiece may be 
mounted on the spindle and rotated, while 
the tool is mounted on a nonrotating table or 
fixed bridge. Precision boring machines are 
frequently used in tool making. 
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Special machines include features on the 
conventional machines discussed above, or 
are modifications of these machines. Usu- 
ally. they are "single-purpose" machines, 
expressly designed either for large-quantity. 
continuous production of identical parts or 
for boring work that is too large or unwieldy 
to be handled in “standard” equipment. An 
example of the latter is a specially con- 
structed boring mill capable of accommo- 
dating workpieces up to 15 m (50% ft) in 
diameter and boring them to a tolerance of 
+0.05 mm (20.002 in.). This machine has 
two toolheads mounted on a 730 kN (82 
tonf) crossrail, which is supported by two 
6.4 m (21 ft) high columns that span a 10 m 
(35 ft) diam rotary worktable. Table speeds 
range from 0.005 to 0.5 rev/min, 








Tools 

‘The simplest form of boring tool, shown in 
Fig. la), consists of a single-point cutter 
mechanically secured directly to a straight 





length of the boring bar. The bar can be 
rotated and fed into the workpiece, or the 
workpiece can be rotated and moved while 
the bar remains stationary. However, adjust- 
ment is difficult; when the tool becomes 
worn, it must be removed for sharpening and 
must be reset when returned, Resetting re- 
quires a fair degree of skill and is sometimes 
tedious. With the boring tool shown in Fig. 
ИБ), the cutter can be advanced to compen- 
sate for wear by loosening the securing 
screws and turning the adjusting screw for- 
ward. 

Increased versatility of operation is pro- 
vided by a universal boring head (some- 
times called а box tool), shown in Fig. l(c). 
A head of this type, which is attached to the 
end of the bar, is designed to hold left-hand 
or right-hand cutters of a variety of config- 
urations. It can also hold more than one 
cutter for multiple-diameter work. 

Figure l(d) shows a type of head known 
as a stub boring bar. This head has a fixed 
cutter and can be used for only a small 
range of bore sizes. However, it is simple 
and widely used. 

Detachable heads of the type illustrated 
in Fig. Ме) are widely used because of their 
flexibility. These heads can be located at 
any desired point along the bar and can hold 
two or more cutters. 

The type of detachable head shown in 
Fig. 100) is mounted at the end of a boring 
bar. These heads can be designed to hold 
more than one cutter, and their interchange- 
ability permits the boring bar to be used for 
a range of bore sizes. 

The assembly illustrated in Fig. 108) is a 
blade-type tool using two identical cutting 
inserts 180° apart. The inserts can be either 
brazed or secured mechanically. The main 
advantage of this type of tool is that it 
equalizes the forces imposed on the bar 
during operation. It is thus possible to main- 
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lain closer tolerances with bars having max- 
imum unsupported length than when using a 
boring tool that has only one cutting edge. 
Its disadvantage is that the blades cannot be 
adjusted to compensate for wear and there- 
Tore must be removed for grinding and then 
be reset. This disadvantage is lessened by 
the use of mechanically held inserts that can 
be indexed to maintain size. 

Figure I(h) illustrates another style of 
blade-type tool. The cutter is inserted 
through the body. thus providing two cut- 
ling edges. This tool is sometimes known as 
a reaming-type boring tool and may be used 
without support or with a pilot. The two 
cutting edges often enable a substantial in- 
crease in feed rate over that which is possi- 
ble when only one cutting edge is used. 
Advantages and disadvantages of this tool 
are similar to those described for the tool 
illustrated in Fig. 10р). 

Numerous modifications of the tool illus- 
trated in Fig. 10) are used. This multiple- 
diameter head may be used with two cutting 
edges for the same diameter or with two or 
more cutting edges performing several op- 
erations simultaneously or consecutively. 
Mechanically secured disposable carbide 
inserts are usually used, These inserts can 
be indexed, thus using all cutting edges 
before they are replaced. This is a single- 
purpose tool and is best suited to high- 
production boring. 

An offset boring head, particularly well 
suited to the boring of small holes, is illus- 
trated in Fig. (К). This type has no means 
for fine adjustment. An offset boring head 
with a microadjustment is shown in Fig. 
1(т). Adjustment is quickly performed by 
unlocking the dial, turning it to attain the 
required tool setting, and then relocking it. 
This head is useful in low-production or 
toolroom boring in which frequent changes 
of diameter are required. 

A head for generating а radius is shown in 
Fig. In). This type of head is used to 
generate an internal or external torus on a 
workpiece by means of a lathe. The head 
illustrated in Fig. Ln) is hand fed and used 
for low-production boring. For high produc- 
tion, a power feed can be applied. 

Figure 10р) illustrates a right-angle head, 
which is often used with stub boring bars on 
line bores that normally require piloted bor- 
ing bars. Using a right-angle head helps to 
minimize bearing and vibration problems 
often encountered with long boring bars. 
Right-angle heads are especially suited to 
machining half bores. 











Tool Design 


Cutting angles for boring are more critical 
than for operations such as turning or plan- 
ing, for at least two reasons: 


* Boring is more frequently a final machin- 
ing operation 


Site suring 
еск angle | 





ae rese 
1 
Nomenclature of tool ongles 
4 





Carbide tool for steel or groy iron, 
‘and high-speed steel tool for steel 


rar 





Carbide too! for gray iron 





Carbide toot 
for steel 


High-speed steel 
tool for steel 


Fig. 2 Nomenclature ond typical configurations of 
9. 2 boring tools. End relief angle A in lower 
sketches varies inversely with bore diometer. 


* Chip flow is of greater concern in boring 


Nomenclature of the angles for boring tools 
is shown in Fig. 2. 

The type and the size of the hole being 
bored are major factors influencing require- 
ments of tool angles. As noted in the center 
portion of Fig. 2. the side cutting edge angle 
must be varied for through-boring, bottom- 
ing. or clearing bottom. The end relief angle 
denoted as angle A in the lower sketches of 
Fig. 2 must be sufficient to clear the bore 
surface. Therefore. this angle must be in- 
creased as the bore size is decreased. Exces- 
sive end relief is not recommended, however. 
because it weakens the cutting edge. 

Back and side rake angles. in addition to 
providing cutting action, must act in combi- 
nation to direct chip flow properly. Chips 
must flow away from the cut surface toward 
the center of the bore. If chips are directed 
toward the side of the bore, they may wrap 
themselves around the tool in heavy cuts, or 
mar the finish in a final cut. Avoidance of chip 
congestion is of particular importance in bor- 
ing lead-base bearings. If a lead alloy chip 
becomes entrapped. likely to fuse and 
promote further congestion, damaging the 
surface of the workpiece or the tool, or both. 









Typical values for boring-tool angles are 
shown in the lower portion of Fig. 2. These 
tool angles generally give free-cutting action 
with minimum resistance to the cutter, thus 
minimizing the likelihood of chatter. Tool 
angles may be varied considerably, howev- 
е: 

As boring speeds are increased. and as 
closer dimensional control is required, it 
becomes increasingly important that cutting 
angles be duplicated in regrinding. Random 
grinding of boring tools can cause variation 
in surface finish, subnormal tool life, and 
excessive variation in dimensions. 








Tool Materials 


High-speed steel is generally more suit- 
able than carbide for slow-speed boring of 
large workpieces. Carbide cutting edges are 
used almost exclusively for precision bor- 
ing, in which speeds are high, depth of cut is 
low, and maximum rigidity is maintained in 
the setup. Carbide is less suitable for slow 
speeds and heavier cuts, especially if rigid- 
ity cannot be maintained. 

Ceramic tools are being increasingly ap- 
plied for precision boring applications. Ad- 
vantages of ceramic inserts include higher 
cutting speeds, reduced tool wear, better 
size control, production of smoother sur- 
face finishes, and the ability to hore hard 
materials. Only the newest precision-boring 
machines are capable of operating at the 
high speeds for which ceramic inserts are 
best suited. 

Ceramic inserts have proved to be ideal 
for the accurate boring of cast iron parts. 
These tools have also been found to be good 
for precision boring steel parts having a 
hardness of 60 to 62 HRC, sometimes elim- 
inating the need for subsequent grinding. 
Ceramic inserts are generally not recom- 
mended for heavy, interrupted cuts or for 
boring refractory metals and certain alumi- 
num alloys because they develop built-up 
edges. 








Pilots and Supports 


"igure 3 illustrates a number of methods 
that are used for piloting and supporting 
tools in applications in which long boring 
bars must be used or close tolerances must 
be met. 

In many setups for which it is impractical 
to use bearing supports, the bar can be 
supported by the workpiece. Figure 3(a) 
shows a piloted bar, often known as a pack 
head that uses the workpiece for support. 
Four or more inserts (usually of nylon or 
bronze) form the bearing surfaces for the 
pilot. Another type of head that is piloted by 
the workpiece is illustrated in Fig. 3(b). This 
trepanning head is most commonly used for 
boring large-diameter holes from the solid. 
Wi pads (usually of carbide) located on 
the diameter 180° from the cutting edge are 







































































Alignment ke 





















Fig. З Methods of piloting or supporting boring tools fo maintain alignment. (a) Pack head type of pilot. (b) 
Ө. З Wear-pod support of trepanning head used for boring large diameter holes from solid stock. (c) Piloted 
head capable of using several cutting edges. (d) Bushing mounted on auxiliary column guides pilot on boring bor. (e) 
Rotating bushing mounted on front of lathe chuck to receive piloted bar. (f) Rotating bushing to align boring tool with 
tool slo! in pilot bushing. (g) Three-leg, adjustable spider support. (h) Boring-bar support mounted on machine ways 


in line with centerline of spindle 


used with this type of head to aid in main- 
taining alignment. 

Many modifications of the tool assembly 
illustrated in Fig. 3(c) are used in produc- 
tion boring applications in which it is prac- 
tical to precede the cutting edges with a 
pilot. This type of pilot is usually hardened 
and ground (and may even be chromium 
plated) to resist wear. 

When it is not feasible to use a portion of 
the workpiece for the pilot to enter, a guide 
bushing may be established on an auxiliary 
column, This principle is illustrated in Fig. 
34d). The type of support shown must be 
adjusted so that the center of the bushing is 
accurately aligned with the centerline of the 
spindle 

Another means of pilot support, for use 
when machining relatively short bores, is 
illustrated in Fig. Xe). As seen in the illus- 
tration, the pilot must enter the rotating 
bushing before the cutting edges begin bor- 
ing the workpiece, which is held on the 
front of the rotating chuck. 

A rotating bushing used with a line boring 
bar is illustrated in Fig. Xf). The spiral on 
the nose of the bar contacts the alignment 
key upon entry of the bar and rotates the 
tool slot into alignment with the cutting 
tools, thus providing support. 








In some applications, workpiece config- 
uration allows the use of a spider support. A 
three-leg, adjustable support of this type is 
illustrated in Fig. 3(g). This type of support, 
however, is difficult to align and therefore is 
ordinarily used only for extremely low-pro- 
duction or toolroom operations. 

Supports mounted on machine ways (Fig. 
3h) are in common use, particularly when 
the boring tools are fed into the rotating 
workpiece, as on a lathe or similar machine 
tool. 

Maximum unsupported length of a bor- 
ing bar depends to a great extent on toler- 
ance requirements. Other governing factors 
are hardness of the metal being bored. 
speed, depth of cut, and cutting-tool mate- 
rial. 

Steel boring bars have a modulus of elas- 
ticity of approximately 200 GPa (30 million 
psi), and although most steel boring bars are 
heat treated for additional strength or wear 
resistance, the modulus is unchanged by 
heat treatment. For maintaining tolerances 
on the order of +0.025 mm (0.001 in.), an 
unsupported length of four times diameter 
approaches the practical limit for steel bor- 
ing bars, and with this much unsupported 
bar length, even minor increases in speed or 
feed are likely to cause chatter. Less strin- 
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gent tolerances of 50.1 mm (0.005 in.) 
have been maintained with steel bars having 
an unsupported length several times diame- 
ter. 

When boring-bar length must be greater 
than four times diameter, and additional 
support is not feasible, boring bars made 
from carbide are sometimes used: the mod- 
ulus of elasticity of carbide is about three 
times greater than that of steel, and hence 
rigidity can be maintained for a greater 
unsupported length. The use of carbide bor- 
ing bars is extremely limited, however, be- 
cause only small sizes are available, and 
pound for pound, carbide costs about 100 
times as much as alloy steel. 


Speed and Feed 


Speed and feed affect power requi 
ments, tool life, rate of metal removal, 
machining cost, and tolerances and surface 
finish obtainable in boring operations. In 
most applications, speed and feed are se- 
lected on the basis of minimum overall cost, 
but sometimes а compromise must be made 
because of the hardness of the work mate- 
rial, special product requirements, or pro- 
duction quantity and schedule. For equal 
depth of cut and rate of feed, boring speeds 
are substantially lower than turning speeds. 

Table | presents nominal speeds and 
feeds for the rough boring and finish boring 
of carbon and low-alloy steels (grouped in 
Table 2) at various hardness levels, using 
high-speed steel or carbide tools. These 
rates apply primarily to the boring of holes 
50 to 100 mm (2 to 4 in.) in diameter and are 
useful as a starting point for the selection of 
efficient and economical machining condi- 
tions. As is evident from many of the exam- 
ples presented later in this article, speeds 
and feeds used in commercial practice often 
differ widely from the nominal values given 
in Table 1. Some of the reasons for this 
difference are discussed below. 

Bore Size and Diameter. If rugged 
equipment with adequate power is avail- 
able, large diameters can be bored at much 
higher surface speeds and feed rates than 
those listed in Table 1. Metal can be re- 
moved at extremely rapid rates in heavy 
roughing cuts, and the resulting rough finish 
and dimensional variation can be corrected 
by light finishing cuts at slower speeds and 
higher feeds than are normally recommend- 
ed for finish boring. 

"These techniques are illustrated in Exam- 
ple 3. which describes rough and finish 
boring of a 160 х 10* kg (180 ton) rolling- 
mill housing made of 1030 steel. Holes 710, 
810, and 890 mm (28, 32, and 35 in.) in 
diameter were bored with high-speed steel 
tools. The high surface speed for roughing 
this large workpiece (98 m/min, or 320 sfm) 
was obtained with a relatively slow rota- 
tional speed (35 rev/min), The high speed 
and feed removed metal rapidly in a rough- 
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Table 1 Nominal speeds and feeds for boring of carbon and low-alloy steels with high-speed steel and carbide 


tools 


The rates shown here are mast applicable to the boring of holes 50 to 100 mm (2 to 4 in.) in diameter, and ore useful as starting points for other applications with 


comparable steels. 





























Т Rough boring (depth of cut, 25 тө, or 0.100 in Finish boring deplh of cut, 0.25 mm, or 0.010 in.) 
Speed. mimin fm —) ү—— Feed, mmirewtin.ires) —] |. Speed, mimi (sfm) [Feeds mmirev lin ren 

Typical steelt) Hardness, ИН нум) Сагыйче) нум Carbidesc) нум) симе, HSS) Carbide) 

Carbon and low-alloy steels (except free-cutting grades) 

1020, 1045, 4140, 374120) 126 4415) 0.25 (0.010) 0.38 (0.015) 41 (135) 140 (460) 0.13 (0.005). 0,15 (0,006) 
7140 and 8620, 30:100) 104 (340) 0.25 (0.010) 0.38 (0.015) 34110) 116 (380) 0.13 (0.005) 01.15 (0,006) 
at hardness 24 (80) 9305) 0.225 (0.009) 0.33 (0.013) To. 102035) — 0.13 (0.005) 0.15 (0.006) 
ranges listed at 20 (65) RS (280) 0.175 (0.007) 0.23 (0.009) 23 (79% 94 (310) 0.10 (0.004) 0.13 (0.005) 
right 18 (60) 75 (245) 0.175 (0.007) 0.23 (0,009) 20 (65) 82 (270) 0.10 (0,004) 0.13 (0,008) 

15 (50) 624208) — (017501002) 0.23 10.009) 1 (85) 694225) — 0.075 00:00) — 0.10 (0.004) 

75-425 Mods) 49 (160) 6.15 (0.006) 0.175 (0.007) 12 (40) 53 (175) 0.075 (0.003) 0.10 (0,004) 

HRC. 50-52 6 (20) 27 090) 0.15 (0.006) 0.20 (0.008) 6 20) 30 (100) 0.075 (0.003) 0.10 (0.004) 
HRC, 54-56. 17 (55) 0.15 (0.006) 18 (60) 0.075 (0.003) 

Free-cutting carbon and low-alloy steels 

M12 and 1117 100-150. aas 154 (508) — 025 (0.010) 0.38 (0.015) 460150) 170 0560) — 0.13 40.005) 0.15 40.006) 
150-200 34 (145) 170 (560) 0.25 (0.010) 0.38 (0.015) 50 (165) 189 (620) 0.13 (0.0051 0.15 (0.006) 

1137 and 12114 100-150. 41138) 155 (910) — 0.25 (0.010) 038 (0.015) 461150) 1726565) 0.13 (0.005) 0.15 (0,006) 
150-2007 AS (115) 134 (430) 4.25 (0.010) 0.38 (0.015) 38 (125) 146 (480) 0.13 (0,005) 0.15 (0,006) 

200-250 29 (95) 99 (325) 0.30 (0.012) 32 (105) 110 (360) 0.13 10.005) 0.15 (0.006) 

275-325 24 (0) 93 (08) 0.25 (0.010) 27 190) 104 (340) 0.10 (0.004) 0.13 (0.005) 

328-975 19 (50) 62 (208) 0.23 (0.009) 17 (55) 69 (225) 0.075 (0.003) 0.10 (0.004) 

375-425 n 035) 47 (155) 0.15 (0.006) 0.20 (0.0081 12 (40) 53 (175) 0.075 (0.0031 0.10 (0.004) 

4140+% and 411.40 150-200 32 (105) 120 (395) (0.010) 0.38 (0.015) AS (1S) 134 (440) 0.13 (0.005) 0.15 (0.006) 
275-428 1 (60) 270 0.20 (0.008) 035 (0.010) 21 (70) 91300) 0.10 (0.004) 0.13 (0.005) 

375-425 n G5) (155) 0.15 (0.006) 10.20 (0.008). 12 (0 53 (175) 0.075 (0.003) 0.10 (0,004) 

50-52 6 (20) 27 90) 0.15 (0.006) 0.20 (0.008) 6 Q 300100) 0.075 (0.003) — 0.10 (0,004) 
7, 54-56. 17 (5%) 0.15 (0.006) 18 e 9,075 (0,003) 





lu) Each steet listed iva frequently used grade ip u group uf similar steels. Table 2 list the steels in the various groups. (b) High-spe 
^5 HM. and except TIS, M31, M42, M44, and Mad for hardnesses above 375 HB. (ci Carbide grade C 7. except С -К for handnesses ahove 425 HI 


of 225 to 
hy Meteut Research Axsectites, Inc 








steels M2 and TS. except 


M2. TS, and TI for boring steel» at hardnesyes 
ce" Data are adapted from tables compiled 











ing cut of 9.5 to 13 mm (% to 2 in.). A single 
finishing pass at low feed and high speed 
removed 0.175 mm (0,007 in.) for a toler- 
ance of +0.075, —0.00 mm (0.003. —0.000 
in.) on the diameter. 

When a workpiece is rotated, its size 
sometimes limits speeds to below normal 
values, as in boring an 810 mm (32 in.) 
diameter on the 6800 kg (15 000 Ib) 1045 
steel forging of Example 2 with carbide 
tools. Speeds were limited by the size of the 
workpiece to less than half the nominal 
values, but because of the large bore diam- 
eter, feed rates could be substantially higher 
than the nominal values. 

Chip control is à serious problem with 
boring cuts, and chips must be broken to 
have success with this process. In boring 
tubes of small diameter. chip control is 
critical and often governs the selection of 
feed and speed. 

Tolerances and Bore Length. Close-tol- 
erance bores of high length-to-diameter ra- 
tio require slower speed than normal. even 
though the tool is well supported. When 
unsupported boring bars of high length- 
to-diameter ratio are used in close-tolerance 
operations, speed and feed are limited by 
the degree of rigidity of the bar. 

Other conditions may also demand the 
use of feeds and speeds substantially differ- 
ent from those shown in Table |. Tool 
design can have major effects on feed and 
speed. In an example discussed later in the 
article. for instance, a change from a single- 




















point to a blade-type cutter for finish boring 
allowed the feed rate to be increased by 
50%. 

Surface finish can often be improved by 
using higher speeds and lower feed rates 
than normal. With large parts, it may be 
possible to improve finish by decreasing 
feed rate without changing speed, but at à 
sacrifice of production rate. 

Production rates in close-tolerance oper- 
ations can sometimes be increased by using 
different types of machines for roughing and 
for finishing to permit optimum speed and 
feed for each operation. 











Workpiece Size 


In selecting the equipment and processing 
procedure for a specific boring operation, 
size of workpiece is usually the first factor. 
to consider, because all machines are limit- 
ed with respect to swing, speed, height, and 
other capabilities. A small part can be bored 
on a greater variety of machines than can a 
large part. However. il would be impracti- 
cal to process a small part on a machine 
such as a large boring mill, because it would 
rotate too slowly. 

For extremely large workpieces, large 
machines would be needed if the part, rath- 
er than the tools. had to be rotated. For 
these parts. it is more practical to line up the 
workpiece and rotate the tools. Part size 
may also dictate the choice between hori- 
zontal and vertical machines. Extremely 








heavy workpieces impose so great an over- 
hang on spindle bearings in a horizontal 
machine that chucking or clamping is im- 
practical. 

Size may also dictate machine type for 
parts that, although relatively light in 
weight, are too long to be bored in machines 
having short travel, like turret lathes. For 
these parts, a horizontal machine may be 
required because of limitations in building 
height. 

The four examples that follow describe 
specific applications in which size of work- 
piece was the major factor in choice of 
equipment and procedure. 

Example 1: Boring, Turning, and Fac- 
ing a Pressure Vessel in One Setup. A 75 
kW (100 hp) vertical boring machine with a 
6 m (20 ft) diam table and 3.7 m (12 ft) 
clearance under the crossrail was used for 
boring. turning, and facing a 3600 mm (140 
in.) high pressure vessel made from steel 
plate and weighing 55 x 10° kg (60 tons). It 
was feasible to rotate this part, despite its 
size and weight. because it was symmetri- 
cal. The use of four tools on the crossrai 
shown in Fig. 4, made it possible to use the 
same setup for facing the ends and turning 
the flanges as for boring the 1420 mm (56 
in.) inside diameter (ID). 

The workpiece was set up and centered 
on the 6 m (20 ft) diam table and was held in 
place by four jaws at table level and four 
other jaws mounted on 1900 mm (75 in.) 
high supports. The higher, supported jaws 




















Table 2 Groups of carbon and low-alloy steels referred to in tables of 


nominal speeds and feeds 





Typical steet 
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Steel plate 
ASTM А212. 
grade B. 








Carbon steels (low carbon) 





1020 1006. 1008, 1009. 1010, 1012, 1015. 1016. 1017, 101, 1019, 1021. 1022, 1023. 
1024. 1025, 1026 

Carbon steels (medium and high carbon) 

1045 1027. 1080, 1033, 1034, 1035; 1036, 1037. 1038, 1039. 1040. 1041. 1042, 1043 
1046. 1049. 1050. 1052, 1055. 1060. 1062. 1064. 1065, 1066. 1070. 1074. 1078. 
1080. 1084. 1085. 1086, 1090, 1095 

Resulfurized (free-cutting) low-carbon steels 

12 HL HB, HIS, 1212, 1213. 12313+Те 

117 MOS. 1009, 1115. 1118, 1120. 1126, 1144, 1211 

Resulfurized (tree-cutting) medium-carbon steely 

"з M32. 1138, 139. 1140, 1141. 1145, 1146, 1151 

Leaded (free-cutting) low-carbon steels 

na TOL I. 10120, 121.13 

Lowaalloy steels (medium and high carbon) 

амо 1330. 1332, 1335. 1340, 345; 2330, 2335, 2340, 2345, 3130. 3135. 3140. 3141, 


VAS, 3150, 4030, 40% 


0. 4037, 4042, 4047. 4064. 3130, 4135. 4137. 4142. 4145, 


4147. 4150. 4337. 4340, 4640, 50840, 50В44. 5046, 50845, S0BSO. S0B60. 


O75, 5080. 5130, 51%. 
0100, 51100, 52100. 





2. 5135, 5140. 5145. 5147, 5150, 5155. 5160. 51860. 
6145, 6150, 6180, 6240, 6250, 6260, 6270, 6290, 6342. 


6382. 6440. 6475. RIBS, R630, 8637. 640. R642, 645, RABAS, ROSO. ROSS, 


N66. 8740, 8742, 925 


Resulfurized (free-cutting) law-allny steels 


414048, Same steels as in gro 
Leaded (free-cutting) low-ulloy steels 

Ann A130, 41147. 41050, 
Low-alloy nitriding steels 

7140 All grades 


Lowzalloy carburizing steels 
юзо я 1320. 2317, 2812, 251 


4024. 4027, 402K, 411 


S, 9260, 9262, 9430, 94B4U, 9445. 9840, ORAS, 950. 


up following 4140, but with sulfur added 


431-47. 5132, N6L20, 86L40, 521.100. 


3115. 3120, 3125. 3310, 3316, 4012. 4017. 4023. 
. 4620. 4621. 


$. 2517. 
м, 4125, 4128, 4317. 4320, 4608, 4615. 46 





3720, 4815. 4817, 4820, SOLS, 5020. 5024, 5120, 6118, 6120, 6317, 6325. 6415. 


KLIS. BAIS, 8617, R62 


2. N25, 8627. 8720, 8822, 9310, 9315. MBIS, 94B17 





were locked against the part, and indicators 
at these jaws ensured that the part was not 
moved or twisted in machining. 

For boring. the workpiece was rotated 
around the two heads. which were fed 
downward into it. When 1900 mm (75 in.) of. 
the 3600 mm (140 in.) length had been 
machined. the workpiece was turned end 
for end. and the procedure was repeated. 
Additional processing details for the boring 
operation are listed in Fig. 4. 

Example 2: Boring and Radiusing a 
Steel Forging. A 37 kW (50 hp) vertical 
boring mill with a 3 m (10 ft) diam table and 
2.5 m (8 ft) of clearance under the crossrail 
was used for boring à 6800 kg (15 000 Ib) 
forging of 1045 steel. The size, weight, and 
symmetry of this part made it well suited to 
the setup used (see Fig. 5), in which the 
workpicce was rotated and tools were fed 
downward from the crossrail. 

The workpiece was secured to the table 
by four jaws at table level. and additional 
bracing was provided by four other jaws 
mounted on supporting columns about 














three-fourths as high as the workpiece (sce 
Fig. 4 for a generally similar setup). 

A box tool was used for rough and semi- 
finish boring. after which the 810 mm (32 
in.) inside diameter was polished with a 
sanding belt to a maximum roughness of 
0.80 рт (32 ріп.). A radius at the bottom of 
the cylindrical cavity was formed with a 
separate head (Fig. 5) in a subsequent oper- 
ation. The swivel radiusing tool. made of 
high-speed steel. was operated with an ex- 
tension handle. which permitted rotation 
from above the workpiece and was used 
with a rolating head to eliminate tool 
grooves. Processing conditions and time per 
piece for the boring operation are listed in 
the tabulation accompanying Fig. 5. 

Example 3: Three Diameters in a Roll- 
ing Mill Housing. A horizontal. floor-type 
mill was used for boring rolling-mill hous- 
ings made of 1030 steel that weighed up to 
160 x 10° kg (180 tons) cach. Figure 6 
shows the setup used for boring three dif- 
ferent diameters (nut, clearance, and worm- 
wheel bores) in a housing 10 m (33 ft) long, 
































‘Operating conditions for boring 





Workpiece hardness, HB 165-170 
Speed. roughing and finishing. at 20 

rev/min, minim Osim) 89.3 (293) 
Feed. mmirev (in./rev) 4.5 (0,020) 
Depth of roughing cut. each head. 

mm (ind. 1.6 (0.0625) 
Total depth of cut, mm un.) 3.2 0.125) 
Tool material Carbide tbrazed) 
Cutting fluid Soluble oil 
Setup time, hipiece 9 
Total time. hípicce e 





Fig. 4 Boring. turing, and facing a 55 > 107 kg 
19. & (60 ton) steel pressure vessel. Dimensions in 
figure given in inches 
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Operating conditions for boring 
Speed. roughing and semifinishing, at 





1% rev/min, m/min (sfm) 461150) 
Feed, roughing. mmirey (in./rev) 0.64 (0,025) 
Feed. semifinishing. mmirev (in 

rey) 0.5 (0.0201 
Depth of cach roughing cut (four 

cuts made). mm Gn.) 4.75 (0.187), 
Depth of semifinishing cur, mm tin.) 1.5 (0.060) 
Tool material. Carbide (brazed! 
Cutting fluid Soluble oil 
Setup time. hipiece 3 
Total time, piece 25 
Fig. 5 Boring and rodiusing о 6800 kg (72 ton) 

+ 9 steel forging. Dimensions in figure given in 


inches 


5 m (17 ft) wide overall, and up to 1000 mm 
(40 in.) in section thickness. With this set- 
up, а 180 mm (7 in.) spindle drove a 200 mm. 
{8 in.) boring bar, which was supported by 
an outboard bearing suspended from the 
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stang ane 
| ‘Siding busting [ , 
{ 35 dim 
section А-А 

Speed, roughing, at 35 rev/min, 

m/min (sim) s ges rtr 98 (320) max 
Speed. finishing, at 5 rev/min 

mimin Isfm) о... B . M (46) max 
Feed, roughing. mm/rev (in./rev) 6.4 (0.25) 
Feed, finishing. mavrey (in,/rev). .... 1.0 (0.04) 
Depth of cut, roughing, mm (in.) .... 9.5-13 (444) 


0.175 (0.0071 


Depth of cut, finishing. mm (in.). 
изет еее High-speed steel 
к 





Total time; Mplece. «2c: B 


Fig. 6 





Boring а 160 X 10? kg (180 ton) relling-mill 
housing. Dimensions in figure given in 


housing face through a window opening in 
the housing: a bushing in the outboard bear- 
ing rotated with the bar, but slid on the bar 
for feed. One roughing pass and one finish- 
ing pass were made 10 complete cach bore; 
tolerances of +0.075, —0.00 mm (0.003, 
—0.000 in.) were maintained. Additional 
operating conditions are tabulated with Fig. 
6. 


Example 4: Boring a Hole 18'2 Diam- 
eters Long in a Large Piston. A long-bed 
horizontal lathe was used to bore the 4330 
steel piston shown in Fig. 7. This part posed 
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a problem in boring because of the extreme 
length (2071 mm, or 81.535 in.) of the bore 
to be machined in relation to its diameter 
(112.6 mm, or 4.434 in.). Concentricity had 
to be held within 0.5 mm (0.020 in.) total 
indicator reading (TIR) and diameter had to 
be within 0.13 mm (0.005 in.), because the 
bore would subsequently be honed. 

To achieve the critical lineup required for 
a bore of this length, the soft chuck jaws 
had to be bored to hold concentricity, and 
the steady rest and guide bushing had to be 
in line to prevent the bore from leading off. 
Boring tools were held on a true centerline 
by the use of a pack head containing four 
nylon inserts (Fig. 7). This head was of 
greater than usual length to provide more 
packing area and thus hold pack wear to a 
minimum. The packs were ground 0.075 
mm (0.003 in.) below tool size in order to 
allow for thermal expansion with increasing 
temperature during operation. 

The bore was started by holding the pack 
head in the guide bushing, and the packs 
entered the bore before leaving the bushing. 
Soluble oil was pumped through the boring- 
bar stem to flush out chips and keep the 
nylon packs cool. 

The tool block held two carbide cutters, 
180° apart, that were ground in assembly for 
the diameter to be bored. Each cutter had a 
30° lead angle and a 0.6 mm (0.025 in.) deep, 
1.5 mm (0.060 in.) wide chip breaker with a 
1.5 mm (0.06 in.) base radius and a nose 
radius of 0.0 to 0.13 mm (0.000 to 0.005 in.). 
Additional processing details are listed in 
the table that accompanies Fig. 7. 


Workpiece Configuration 


The configuration of a workpiece. irre- 
spective of its size, may be a major factor in 
determining the most practical boring meth- 
od. Configuration may affect the rigidity 

















4330 steel 
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Workpiece hardness, HRC ES 
Speed, at 100 rev/min, m/min (sfm). .- 
Feed, mmrev (in./rev) 4 

Tool materi 
Cutting Пий... 
Setup time, h re 
Handling time, min/piecefa) ...... 
Total time, hipiece .. ds 











tay Loading and unloading. positioning of 








46-49 
35 (116) 
2 0.125) 
. Carbide 
Soluble oil 
35 
10 
14 














ide bushing, and tool approach to cutting position 





Fig. 7 


figure given in inches 


Boring a long hole to a concentricity of 0.5 mm (0.020 in.) TIR (total indicator reading). Dimensions in 





with which a part can be held while being 
machined and thus may create problems 
even in otherwise simple operations. Other 
conditions related to configuration that may 
pose problems in boring are: 


€ The maintenance of specific relationships 
between two or more holes in a single 
part 

e Boring bottle and other complex config- 
urations 

е Boring difficult-to-reach areas 




































































66 E 
pen 
te ia diom Spindie 
Ve fleng 
! erm ry 
- | 
и < 3 
3 P5 у block 
Nodular iron. V 
кешрек мостове 
Workpiece hardness, HB... 280 
Speed, at 70 rev/min, m/min (sfm) 45 (147) 
Feed. roughing апа semifinishing. 
mmyrev (in /rev). .. sos LO (0.040) 
Feed. finishing, mm/rev tin./rev).... 0.41 (0.016) 
Depth of roughing cut, mm tn.) 4.75 (0.187) 
Depth of semifinishing cut, mm 
Gin) s e 0.79 (0.031) 
Depth of finishing cut, mm (in). -~ 0.13 (0.005) 
Tool material 
Roughing and semifinishing Carbide 
Finishing р High-speed steel 
Cutting fluid . ~ = Soluble oil 
Setup time. h/picce 35 
"Total time, h/piece . 2.376 
Fig. 8 тоом through boring of a ductile (пойи. 
g- B iar) iron cylinder. Dimensions in figure given 
in inches 
Boring sor (2-10. diom, Matieable iron 
io cengni ASTM 32510 
| 
И, 31495 Tool deti 
— f dam Моно, carbiee 
| Т rr clears 
\ Sige clecron 
le {both sides) 
H 
| Workoiece 
Yoke 
— —— o8? 
Workpiece hardness, HB... 140-150 
Tolerance specified. mm 40.000, —0.02 (10.0000. 
ün.) pratio —1).0008) 
Finish specified, wm (ріп.).. 3.20€ 125) 
Operating conditions 
Speed, at 545 rev/min, 
m/min (sfm) 137 (450) 


-. 020 (0.008) 
24 (0 to Уз) 


Feed. mm/rev (in,/rev) ~. 
Depth of cut, mm (in. 


Cutting fluid. .. Air-mist soluble oil 
Setup time. һ.... EMT. 
Downtime for changing 
tools, Е Ve 
Production rate. pieces/h ... 130 
Tool life. pieces/grind 900 





Close-tolerance contour boring in a spheri- 


Fig. 9 сш boring machine. Dimensions in figure 
given in inches 





T 4340 
| steel tubing 
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(a) First operation: Rough "bottle" boring 
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dido em (b) Second operation: Straight ond taper boring 
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TER эы 
ш Ce. ёзу 
(с) Third operation: Finish" bottle" boring 
] Operation 1 
Mem Fist Second Third 
Tool details 
Length of boring bar, mm tin)... 2080 (82) 610 24) 775 GOV) 
Diameter of boring bar, mm (in) (Qn 70 (2%) 68 (Q1) 
Size of tool bit, mm tin.) ~ 19 х 19 (Уж М} 19 x 19 (ax Y) 13 (V9 x V) 
Lead angle... 4s 15 
Tool таме Carbide. Carbide Carbide 
Chip breaker dimensions 









Depth, mm (in.) . - 046 (0,025) 0.5 (0.020) 0.6 (0.025) 
Width. mm (in.) - 1.6 (в) 1.6 (Им) Cha) 
Radius at base, mm (in). - 0.8 (Ye) OR (о) (a 
Nose radius, mm (in) < 0.13 10,005) 04 (Mead 0.25-0.3в (0.010-0.015) 
Operating conditions(a) 
Speed, rev/min ....... 307 im 183 
Speed. max. m/min бп). 99.4 (326) 52.1 (171) 61.6 (202) 
Feed, mmirev (in./rev) 0.23 (0.009) (0.009)5) 0.13 (0.0051 
Number of cuts. 5 4 
Production rate. pieces pet I 1 1 





(ав all operations, a solublé-oil cutting Quid was fed through the center of the bar to the cutting tool. (b) For roughing. Feed for finishing 
was 0.175 mmircv (0.007 in-revi 


Fig. 10 








Ине” boring alloy steel tubing in three operations on a tracer lathe. Dimensions in figure given in 
inches 


Boring / 167 


The following examples describe equip- 
ment and techniques used in specific pro- 
duction applications to overcome difficul- 
ties presented by workpiece configuration. 

Example 5: Preventing Distortion in 
Boring a Long Cylinder. A 30 kW (40 hp) 
horizontal boring mill with a 150 mm (6 in.) 
spindle and a 1.8 x 3 m (6 x 10 ft) table was 
used to bore ductile iron cylinders (Fig. 8). 
Despite its simple configuration, a part of. 
this type, especially when close tolerances 
are required, poses problems because of the 
danger of distortion while it is held in place 
for machining. The problem was solved 
here by releasing the hold-down clamps 
after roughing. The part was then re- 
clamped to the supporting V-blocks, but 
under a much lighter force, which was ade- 
quate for semifinishing and finishing be- 
cause less stock was being removed. Addi- 
tional processing details are given in Fig. 8. 

Example 6: Close-Tolerance Contour 
Boring. A precision spherical boring ma- 
chine was used for contour boring small 
malleable iron castings to extremely close 
tolerances (Fig. 9). Workpieces were 
clamped to the fixture with an air-operated 
yoke clamping base attached to the rotating 
air chuck. Processing details are tabulated 


















-Operation Boring of 





plex bottle configuration in 4340 steel tubing 
(Fig. 10) was a problem because of the 
amount of stock to be removed, the depth of 
the bore, and the necessity for using a 
small-diameter boring bar. The configura- 
lion was produced using a tracer lathe, in 
three separate operations and with three 
different tooling setups (Fig. I0). 

In the first operation (Fig. 10a), the bor- 
ing bar used was equipped with a built-in 
tool-set bar for raising and lowering the tool 
bit. This permitted roughing-out of stock so 
that profile boring could be done in the third 
operation. Roughing was accomplished in 
five cuts, as shown in the top sketch of Fig. 
10а). 

In the second operation (Fig. 10b), a taper 
was bored to a distance of 185 mm (7.29 
in.), and a straight hore was bored to 405 
mm (1554s іп.). from each end of the work- 
piece. This was done by removing the 
cross-slide screw from the lathe and then 
controlling movement of the cross slide by 
holding the tracer stylus on the template 
with hydraulic pressure. Longitudinal feed 
was controlled by the screw of the lathe. 

Profile boring of the roughed-out center 
section was performed in the third opera- 
tion (Fig. 10c). The diameter of the boring 
bar was limited to 68 mm (21/6 in.), be- 
cause of the depth of the bore and the 
distance the bar was required to move from 
the centerline. To obtain maximum rigidity, 
the bar was bolted to the turret face. This 
bar was 775 mm (30' in.) long and had a 
560 mm (22 in.) overhang and a 30° angle 
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{| Turret 
Stordard oid 
nora jaws ng bar 

Rough boring (two cuts) 

Speed. at 348 revimin, m/min (shin)... 76 and 84.7 (250 

and 278) 

Feed, mavrey (in.rev) 0,315 0.0124 

Depth of first cut. mm (in.) 320.089 

Depth of second cut. mm tin.) 3.8 (0,150) 

Semifinish baring 

Speed. at 456 rev! 120 (400) 

Feed, mmirev tin./rev) - 023 (0,009) 

Depth of cut, mm (in). 3.8 10.150) 

Finish boring 

Speed. at 456 rev 123 (403) 
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banishing 190 











Tolerance on reamed bores, 

mm tn.) $0,025 (0.001) 
Tolerance on burnished bores, 

mm (in. 0003 640.0005) 


Operating conditions 











Speed 
Stations 1. 2, and 3, at 389 
revimin, m/min (stm) 62 (205) 
Stations 4, $, and б, at 200 
revimin, mimin (sm) 32.1108) 
Feed 
Stations 1 and 2, mm/rev (in! 
tev) 0.43 (0.017) 






Station 3. mmirev (in /rev). .. 0.284 0.0112) 
Stations 4 and 5. mm/rev (in 
rey) 


е 4.155 (0.0061) 
Station 6, mm/rev (in /revi 





0.866 (0.034 1) 
Depth of cut, mm tin.) (38-3,2 10,0150. 125) 
Tool material Carbide 
nting fuid ү None 

Setup time, h 3 
Downtime for changing tools. 

min... 10 
Production rate, pieces... R 
"Tool life. piecesigrind 75 








Fig. 11 Us multiplediometer tools on a hori- 
9- zontal turret lathe for machining a com- 
plex bore in a cas! water pump housing. Dimensions in 
figure given in inches. 


tool slot. Half of the center section was 
bored from each end: mismatch had to be 
kept within the amount that could be re- 
moved by a subsequent polishing operation. 
The sequence of steps in the third operation 
was: 


Feed, rey n /rev) 6.23 40.009) 

Depth of cut 0.32 (0.0125) 

All operations 

Workpiece hardness. НВ... 187 

Cutting Nuid Soluble oil:water 

(1:25) 

Setup time. h 2 

Time for grinding and reset 
tools, h 01 

Production rate, piece 1 

Tool life, piecesigrmd. 12 

Fig. 12 Foro boring of о drive hub, in the 
9. second of three chucking for 17 opera- 


tions on o horizontal turret lathe. Dimensions in figure 
given in inches. 





ө Set the tracer pin to the 1" line and 
the tool bit to the end of the part. with the 
tool bit set to finish (approximately) the 
diameter 

e Turn the longitudinal dial clockwise four 
full turns, turn the diameter dial counter- 
clockwise for a 2.5 mm (0.100 in.) depth 
of cut. then make the first cut 70 mm (24 
in.) long 

e Turn the longitudinal dial one turn coun- 
terclockwise, then make a second cut 70 
mm (2% in.) long 

е Turn the longitudinal dial one turn coun- 
terclockwise, and turn the diameter dia 
ciockwise to leave approximately 1.5 mm 
(0.060 in.) of stock. Take a full cut of 
template 

e Turn both dials to the finish setting and 
make the final cut 

















Tool details and operating conditions for 
the three operations are given in the table 
accompanying Fig. 10. 


Number of Operations 


In production boring, cost is reduced by 
combining as many machining operations as 
possible. Thus, the same machine setup is 
often used for two or more boring opera- 
tions, or for boring and other machining 


Gray iron 
(with bronze bushing) 


Radict locator 
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67 0220) 

Counterboring 104 (40) 

Turning and f 125 (410) 
Feed, mmirev 0 

First fall tools) 0.13 (0,008) 

Second (counterboring, turning. and 

facing) | 0.025 (0,001) 

Depth of cur. on diameter, mm (n.).... 0.340012 
Cutting fluid None 
Tool material Carbidetu) 
Tool life. h к 
Production rate, preces/h 55 
ta) Tools on outside spindle fiad steel shanks, culhile tips: 





spindle Tools were subd carbide 








i Use of a two-in-one spindle for combining 
Fig. 13 boring and counterboring with eccentric 
turning, boring, and facing in a single-end precision 
boring machine. Dimensions in figure given in inches 





operations such as turning. facing, drilling. 
chamfering, and broaching. This may be 
accomplished either by having two or more 
boring or other tools on the same mounting 
so that they may work simultancously or 
consecutiv: or by indexing the tools or 
the workpieces so that a number of opera- 
tions can follow in a cycle. 

To achieve these ends, machines such as 
turret lathes. double-end boring machines, 
and automatic chucking machines are given 
primary consideration in equipment selec- 
tion. The following examples desi ribe some 
equipment and techniques used in specific 
applications in which two or more boring. 
operations, or boring and other machining 
operations, were combined. 

Example 8: Multiple-Diameter Tools on 
a Six-Station Turret. A six-station turret 
lathe was used for machining a complex 
bore in a gray iron water pump housing. 
Operations included core drilling, rough 
boring of four diameters. reaming of three 
diameters, cutting of a 45° angle recess, and 
roller burnishing of two diameters. The 
workpiece and tools at the six-turret stä- 
tions are shown in Fig. 11. 

The multiple-slot bars (stations 2 and 3) 
permitted combined cuts and aided in hold- 
ing bore concentricity. The combined re- 
cessing tool and the special 45° angle recess- 
ing tool (stations 4 and 5) eliminated cross- 














naked 





slide operations. Roller burnishing provided 
control of diameter within +0.013 mm 
(50.0005 in.) and resulted in desirable 
work-hardened surfaces. Additional pro- 
cessing details are included with Fig. 11. 

Example 9: Seventeen Operations in 
Three Chuckings. Drive hubs were ma- 
chined from 162 mm (6% in.) diam cold 
drawn 1042 steel bar slugs in three chuck- 
ings on a horizontal turret lathe. The setup. 
and conditions used for boring, which was 
done in the second chucking, are presented 
in Fig. 12. The lathe had a two-speed motor: 
24 different spindle speeds, ranging from 12 
to 628 rev/min; and 32 different feeds, rang- 
ing from 0.06 to 4.24 mm/rev (0.0025 to 
0.167 in./rev). The operations performed in 
the three chuckings were as follows: 

















* Face and turn flange end 

* Chuck on flange (Fig. 12), using a stepped 
face on the jaws for ensuring parallelism 
of the bar with the centerline of the 
spindle. Drill through with 64 mm (2/^ 
in.) diam spade drill, rough turn outside 
diameters, bore (two roughing cuts, one 
semifinishing cut, and one finishing cut). 
finish turn outside diameters, groove, 
face hub and flange, and break corners 
Chuck on hub, finish turn and face flange. 
counterbore, and break corners. 


This bore represents about the maximum 
length that is practical to run without a 
piloted bar when such a close tolerance 
(£0,025 mm, or 0.001 in.) is required. Had 
speeds and feeds been increased by even as. 
little as 10% more than those used (see 
tabulation with Fig. 12), chatter would 
probably have occurre: 

Example 10: Combining Operations on 
a Precision Boring Machine With a Two- 
in-One Spindle. On a single-end precision 
boring machine, in the setup shown in Fig. 
13, boring and counterboring were com- 
bined with eccentric turning, boring, and 
facing to form an eccentric lug in a gray iron 
casting containing a bronze bushing. This 
was accomplished by the use of a special 
two-in-one spindle, that is, an assembly of 
two spindles, one mounted within the other, 
that rotated on different centerlines (Fig. 
13). 

The inside spindle carried a boring and a 
counterboring tool, and its centerline coin- 
cided with the centerline of the workpiece. 
The outside spindle carried two tools, 
spaced 180° apart, swinging eccentric to the 
workpiece centerline. One of these tools. 
bored the outer wall of the eccentric diam- 
eter, while the other turned the inner wall. 
The tools overlapped slightly to provide a 
smooth bottom. The concentric counter- 
bore on the inside, in combination with the 
eccentric diameter on the outside. gave the 
lug a crescent shape. The turning tool and 
the counterboring tool also overlapped. 
This required that both spindles be driven at 
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a Groy iron 
^uo Q^ 3 loss 30 
Workpiece hardness. HR. 169-207 
Speed. at 260 rev/min, m/min 
(fm) 1551510) max 
Feed, mmirev (in./rev).... 022-23 (0.0088— 
0.0091) 


(0.25-0.38 (0.010— 
0.015) 


Depth of cut on faces, mm (in.) 


Depth of cut on diameters, mm 
ч” 0.5-0.75 (0.020- 


in.) 
0.030) 

Cutting fluid Soluble ой 

Tool material Carbide tips, steel 
shanks 

Production rate. piecesh 100 





Fig. 14 80199. turing, facing, ond chamfering 
9. оп о com-operated precision boring ma- 
chine. Dimensions in figure given in inches. 


the same speed (420 rev/min) to prevent 
interference between the tools. 

To machine a part, the operator placed it 
in the fixture over a locator ring that fit in à 
previously machined, but larger, counter- 
bore. A radial locating pin fit in a drilled 
hole to orient the cast lug with the eccen- 
tricity in the outer spindle. After clamping. 
the machine was cycled, and all operations 
were performed simultaneously. Operating 
conditions are tabulated in Fig. 13. 

Example 11: Four Operations With 
Three Tools on a Cam-Operated Ma- 
chine. Boring. turning, facing. and cham- 
fering were combined on a cam-operated 
single-end precision boring machine; the 
three-tool setup used and the gray iron 
casting being machined are shown in Fig. 
14. All three tools were in a fixed mounting 
and moved as a unit to machine the part. 
After the casting had been secured in the 
diaphragm chuck, the machining cycle was 
begun. The sequence of operations in this 
cycle (see 14 for correlation of tools 
with surfaces machined, and for operating 
conditions) was: 











* Tool | moved to the larger (140 mm, or 5/2 
in. diam) bore, faced the end, and backed 
off. Tool 1 reapproached the larger bore at 
an angle, chamfered the opening. then 
moved "down" the Боге, through a radius, 
and along the “bottom” of the bore. The 
three-tool unit then backed off 
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* Tool | moved to the smaller (54 mm, or 
2% in. diam) bore, chamfered the open- 
ing. then continued in to finish this bore 
to size 

As tool | completed the smaller bore, tool 
2 contacted the part in the position shown 
in Fig. 14. Tool 2 generated the angle and 
continued along the "bottom" to ma- 
chine a radius. Tool 2 then lurned the 
outside diameter of the central boss, dou- 
bled back, and faced the end of this boss. 
The tools again backed away and moved 
aside 

Tool 3 approached the part at its outer 
edge, machined that face. and turned a 
portion of an outside diameter. Tool 3 
continued to move away from the part 
and was cammed slightly toward the 
center. The tool reapproached the part 
and generated two chamfers and a 
short turned length to complete the oper- 
ation 





Although the combination of operations 
described in this example could be per- 
formed on a turret lathe, the assigned toler- 
ances of 20.013 and +0.05 mm (20.0005 
and 0.002 in.) would be difficult to attain. 
because repeatability would depend on op- 
erator skill rather than on the machine. 
Production rate would also be lower than on 
the precision boring mill used. 


Composition and 
Hardne of 
Workpiece Metal 


In boring, as in turning, the hardness of 
steels has a greater effect on their machin- 
ability than does composition. In general, 
the harder the steel, the lower the permis- 
sible speed and feed for a given operation. 
Table | shows the nominal effect of steel 
hardness on speed and feed. 

‘The composition and the hardness of the 
metal being machined are more likely to 
influence the selection of tool design, tool 
material. and cutting fluid than they are to 
determine the type of machine used for a 
given boring operation. However, metal 
composition or condition, or both, may 
dictate not the type but the size of machine 
required, because more power is needed as 
hardness increases. The ease with which a 
metal can be machined also has a direct 
influence on costs. 

Rigidity of setup is needed for virtually 
any metal-cutting operation, but its impor- 
lance increases as workpiece hardness in- 
creases. For example, an annealed alloy 
steel might be bored without difficulty in a 
setup having questionable rigidity. whereas 
if the steel were heat treated to 350 or 400 
HB, it would probably be impossible to 
machine in such a setup without tool chat- 
ter. If chatter occurs, tolerance, finish, and 
tool life are subsequently impaired. 
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Fig. 15 


Cutting Fluid 


When difficult-to-machine metals are pro- 
cessed, desired results sometimes can be 
obtained by changing the grade or type of 
cutting fluid or by changing the method of 
delivering the cutting fluid to critical areas. 
The following example focuses on one par- 
ticular application. 

Example 12: Pressurized Cutting Fluid 
for Boring Mild Steel Plate. Mineral oil 
under no pressure was used as the cutting 
fluid in drilling and boring press platens 
flame cut to shape from 230 mm (9 in.) thick 
mild steel plate (setup shown in Fig. 15). 
The finish obtained in boring (2.00 to 3.00 
pm, or 80 to 120 pin.) was unacceptably 
rough. and the "'ball-up" of the stringy 
chips characteristic of mild steel adversely 
affected size control. 

The problem was solved by the use of a 
coolant inductor (a commercially available 
accessory). This forced the mineral oil, at 
345 kPa (50 psi) pressure. through the bor- 




















24] 


Setup involving the use of cutting fluid under pressure for improved finish and dimensional accuracy in 
drilling and boring a press platen, Dimensions in figure given in inches 


ing bar, providing a copious supply at the 
cutting area to flush away chips. With the 
pressurized cutting fluid and no change in 
tool design, surface roughness was reduced 
to 1.00 to 1.5 рт (40 to 60 ріп.) and size 
control was no longer a problem. 


Production Quantity 


The number of identical parts to be bored 
in a production ru a major factor in the 
selection of the equipment and procedure to 
be used. When only one part or only a few 
identical parts are to be produced and no 
repeat order is anticipated, the simplest 
suitable machine available (engine lathe, 
drill press. or boring mill) is generally used, 
with standard holding devices and boring 
tools. even though machining time may 
greatly exceed that on production ma- 
chines. 

As production quantity increases, the 
ising production speed must be 
inst the increased cost of more 








need for rai 








elaborate tooling. The next step is usually à 
machine (such as a turret lathe, assuming 
that part size and shape permit) capable of 
performing a number of operations consec- 
utively. In many instances in which small to 
intermediate quantities are required, how- 
ever. radial drill presses may be the most 
economical machines for boring. This is 
particularly true when the hole is small in 
relation to the size of the workpiece or 
when the configuration of the hole poses 
problems for machining in lathes or similar 
machines. 

As requirements are further increased 10 
continuous, high production, progressively 
more complicated machines may be used, 
up to and including automatically controlled 
chuckers that are completely programmed 
for one specific job. Many large-volume 
ions employ special machines built 
nt boring of identical workpieces 
in continuous, high production; a notable 
example is the high-production boring of 
automobile engine blocks. 














Accuracy of Form 
and Diameter 


Accuracy of boring relates to size, taper, 
roundness, concentricity, squareness, and 
parallelism, and various factors (such as 
vibration. heat variation, and boring bar 
deflections) affect these specifications of 
boring accuracy. 

Diameter of the bore can be affected by 
heat generated at the cut, although an ade- 
quate flow of cutting fluid can control heat. 

Taper is an error in a cylindrical bore and 
may be caused by deflection of the boring 
bar and by tool wear. 

To decrease deflection, pilots and bush- 
ings are commonly used to reduce the un- 
supported length of boring bars. Such a 
setup changes the boring bar from a canti- 
lever beam with end loading to à beam 
supported at each end with center loading. 
Although a bar with end supports may be up 
to twice as long as a cantilever bar. it 
deflects only about one-tenth as much as 
the cantilever bar. The deflection is at à 
maximum at the slart of the cut and de- 
creases as the cutting tool moves closer to 
the end support bushing. An end support 
bushing at both ends of a workpi as іп 
Example 7 (Fig. 10a). may further reduce 
deflection of the boring bar during cutting. 
Deflection can also be reduced by changing 
the material of the boring bar to one with à 
higher modulus of elasticity. 

Cutting on the return stroke often re- 
moves stock left in a hole by a deflected 
bar. The success of this technique depends 
on the greatly reduced cutting pressure and 
the proper radial advance of the tool to 
remove a very slight amount of metal. Re- 
turn-stroke cutting increases cycle time, 
because the return stroke is at a low feed 
rate rather than at the usual rapid traverse. 
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Roundness of a hole is determined by the 
variation in radius about a fixed axis. Out- 
of-roundness (eccentricity) may result when 
the finish cut is not concentric with the 
previous cut. Depending on the amount of 
eccentricity, the depth of cut will vary. 
which may deflect the tool more during 
heavy cutting than in a lighter cut. With 
these conditions it may be necessary 10 use 
a semifinish cut and a finish cut and some- 
limes to cut on the return stroke. 

An out-of-balance rotating workpiece or 
toolholder can produce an out-of-round 
hole. Careful balancing of the setup can 
eliminate most of this type of out-of round- 


of one surface with another 
is a common specification that can cause 
production problems. When concentricity 
must be held to close limits, it is usually 
desirable to rotate the work. Almost all 
types of rotating fixtures are precision bor- 
ing machines. 

Clamping of the workpiece must be such 
that distortions will not affect hole size or 
shape. In. Example 5 the work was re- 
clamped with a lighter force after the rough- 
ing cut. Distortions resulting from a heavy 
clamping force are released before semifin- 
ish and finish cutting and usually are not 
reinstated by a lighter clamping force. 

Multiple-spindle machines or double-end 
machines can be set up. urately to pro- 
duce closely concentric surfaces. If the re- 
sults are not acceptable, it may be possible 
to plan the sequence of operations so that 
all close-tolerance surfaces can be ma- 
chined with tools in the same boring bar. 

Squareness and parallelism of holes in 
relation to other features of the work can be 
affected by changes in room temperature, in 
the temperature of control system oil, and 
in the temperature of the cutting fluid. 

A change in room temperature can cause 
expansion or contraction of the machine 
components, with resulting misalignment of 
the spindle and workpiece centerlines. The 
temperature of oil in the hydraulic control 
system can cause deflection of the feed 
cylinders or the machine slide. Cooling coils 
in the oil storage tank can maintain a con- 
stant oil temperature. 

The heat produced at the tip of the cutting 
tool may cause a rise in temperature of the 
cutting fluid. The flow of a warm cutting 
fluid may cause dimensional changes that 
affect accuracy of operation. Maintaining 
the cutting fluid at a constant temperature 
helps to maintain consistent temperature in 
both the workpi: and the machine tool. 
The actual temperature of a system is usu- 
ally less important than the magnitude of 
temperature variation. 


























Close-Tolerance Boring 


As dimensional tolerances become more 
stringent, machining costs increase. This 


increase may be caused by the need for 
more accurate or more rigid tooling and 
setups. The need for taking lighter cuts 
(which may involve more passes of the tool) 
may also slow production in close-tolerance 
work, although in some applications calling 
for close-tolerance boring, production rate 
can be increased by the use of two different 
types of machines, one for roughing. and 
the other for finishing to required dimen- 
sions. The decreased number of parts that 
can be machined between tool grinds is 
another important cost factor, because of 
increased tool maintenance costs and loss 
of machine productivity. 

Conventional Equipment. Boring to 
close tolerances with conventional equip- 
ment is common practice. The various 
means of guiding the boring tools, flushing 
away chips, and other refinements of tech- 
nique contribute to the maintenance of di- 
ametral tolerances of 50.025 mm (0.001 
in.) or even closer in production operation. 

Precision boring machines arc required 
for meeting tolerances of +0.13 mm 
(20.0005 in.) or less. In many instances 
such machines are used even when toler- 
ances are no closer than the best obtainable 
with conventional machines. For example, 
in high-production boring of relatively small 
parts to tolerances up to +0.075 mm 
(0.003 in.), the precision type of machine 
usually is preferred, because it offers in- 
creased productivity and decreased cost per 
piece bored. Precision boring is closely re- 
lated to and frequently overlaps with, gun 
drilling. 

Methods. When close tolerances must be 
held on complex workpieces. the preferred 
practice for achieving them at minimum 
cost is to usc a multiple-spindle machine, 
performing all operations in one setup. 
Also, some complex parts can be efficiently 
machined to close tolerances by using dou- 
ble-end machines and combination tools. In 
precision boring, when workpiece size and 
configuration permit, it is usually preferable 
to rotate the part rather than the tools. 
because problems involving concentricity 
and parallelism are minimized. 

In addition, higher cutting speeds are 
desirable, and, to maintain sufficient tool 
rigidity when the ratio of the length of the 
boring bar to the hole diameter exceeds 4:1, 
it is generally mandatory that the bar be 
made of carbide. 


Control of Vibration 
and Chatter 


Vibrations between a tool and a work- 
piece are either forced or self-excited. In 
forced vibrations, the alternating force that 
sustains the motion is created or controlled 
i when the motion stop: 
the alternating force disappears. In self- 
excited vibrations, the sustaining alternat- 
ing force exists independent of the motion 
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and persists even when the vibratory mo- 
tion stops. 

If an external, periodically varying (cy- 
clic) force is applied to a system such as a 
machine tool. the mass oscillates at the 
frequency of the applied cyclic force. Such 
forced vibrations can be caused by a pass- 
ing truck or an overhead crane; by machine 
sources such as faulty bearings or trouble- 
some belts; by loose, worn, or vibrating 
machine parts; or by interrupted cuts in 
machining. Such difficulties can be reme- 
died by isolation, by repair or maintenance. 
or by changing the feed or tool position. 

The control of self-excited vibration that 
builds up in the tool itself is more difficult, 
In boring bars and quills of unfavorable 
length-to-diameter ratio, the means of con- 
trolling self-excited vibration include the 
use of a boring bar made of material that has 
a high modulus of elasticity, the use of an 
inertia-damped quill, or both. 

The static stiffness of a carbide boring bar 
is three times that of an alloy stec! bar 
because of the difference in modulus of 
elasticity of the two materials. With its 
greater static stiffness, a carbide bar can 
make three times as heavy a cut with the 
same deflection, or it can make an equal cut 
with one-third as much deflection and con- 
sequently with greater accuracy. 

The following data permit comparison of 
the performance of a steel and a carbide bar: 














Tem Steel bar Carhide bar 





Rough boring 
Feed, mm/rev (in. 
rev) Oil 0.1 0.008) — 0.2 0.007) 
Speed. rev/min 180 350 
Depth of cut. mm 


вт... 48-64 (УМ) 48-64 OVV) 


Finish boring 
Number of cuts. ....2 ] 
Feed, mmirev (in./ 

rev) 0.1 (0.005) 0.1 (0,005) 
Speed. revimin 150 400 
Depth of cut, mm. 

Gnd ов (0.030) 
Finish. ит (qin.) .. 3.8 (180) 


0.2 (0.007) 
2,3 (90) 





Each bar had a 16 mm (% in.) diam head, 
cutting edges with 30* included angles, and 
a minimum bore diameter of 25 mm (1 in.). 

The strength and stiffness of a quill are 
factors in the deflection caused by cutting 
forces and have an effect on the frequency 
of natural vibration. Hence, changing the 
tool material from steel to carbide increases 
stiffness and the frequency of natural vibra- 
tion, but cannot avoid the effects of self- 
excited vibration. 

Use of a Plug Damper. One approach to 
the problem of self-excited vibration is to 
bore the unsupported end of the quill and 
insert a damper (a plug of heavy material) 
that fits the hole, but is 0.05 to 0.075 mm 
(0.002 to 0.003 in.) smaller in diameter so 
that it floats in the quill. The end clearance 
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Finish specified, pm (qin) 

Finish obtained. um (pin) 

Operating conditions 

Speed, roughing, at 120 rev/min, mimin tfm) 

Speed. finishing, at 150 revimin, m/min (sf). 
Feed, roughing, mm/rev (in./rev) б 





Tool material. 

Setup time, man-hours 

Downtime for changing tools. min 
jachining time. min/piece 

Tool life, pieces/grind. 





1.60 (63) 
0.75-0.9 (30-35) 


28.7-82.2 (04-204) 
36.0-77.7 (118-255) 
0.5 40.020) 

0.3 0.012) 

6.3 (0.250) 

0.38 (0.015) 

None 

Carbide 





6 
MP 
so 








of the damper is approximately the same as 
the clearance on the diameter. 

When the quill starts to vibrate, the plug 
lends to remain stationary because of its 
inertia. Thus, the air surrounding the plug is 
caused to flow from one side of the plug to 
the other. This air flow tends to dissipate 
and damp vibration before it can build up or 

Any tendency of the quill to vi- 
resisted by the plug in the same 
manner as а spinning gyroscope resists a 
change, with the air film helping to dissipate 
the energy that promotes vibration. The 
vibrations іп a quill without a damper die 
out slowly; in a quill with a damper, the 
vibrations die out rapidly. 

The heavier the weight, the greater the 
damping effect. Hence. the use of a material 
such tungsten alloy (70% heavier than 
lead) indicated. The weight should be 
made as large as possible without apprecia- 
bly reducing the stiffness of the quill. It is 
equally important to place the weight at the 
location at which the greatest motion is 
expected. Both of these considerations in- 
dicate that the weight should be placed at 
the free end of the quill, not at the root, 
where the quill is secured to the spindle. 

The damping effect is limited by the 
amount of weight at the effective damping 
point. The effective damping force of a given 
combination of weight and quill increases in 
direct proportion to the increase in the natural 
vibration frequency of the quill. By making a 
portion of the quill from a material having a 
modulus of elasticity higher than steel. such 
as tungsten carbide or molybdenum. the nat- 




















Two-pass rough and finish boring of five in-line holes, in which the use of specially designed finishing 
tools (insets) produced better-than-specified surfaces. Dimensions in figure given in inches 


ural frequency of vibration is increased, and 
therefore the same size weight provides a 
greater damping effect. 

In horizontal rotating quills, it is advis- 
able to keep the radial clearance of the 
damper plug small or to fill the clearance 
space around the cylindrical inertia weight 
with oil for equal dashpot effect even 
though there is a much larger clearance than 
in air. This is advantagcous because of the 
effect of centrifugal force on the damper 
plug. The damper plug tends to center itself 
in the quill at low speeds because of the 
combined action of gravity and centrifugal 
force. Above a certain speed, centrifugal 
force overbalances gravity, and the weight 
is pulled to one side and held there, thus 
reducing its damping effectiveness. 

The relation between rotational speed 
and maximum plug clearance that separates 
the stable region at which gravity keeps the 
plug centered and the unstable region at 
which centrifugal forces overbalance gravi- 
ty is indicated by the following approximate 
values for speed and radial clearance: 
10 000 rev/min, 0.0075 mm (0.0003 in.): 
6000 rev/min, 0.025 mm (0.001 in.); 5000 
rev/min. 0.036 mm (0.0014 in.); 4000 rev/ 
min, 0.05 mm (0.002 іп.); and 3000 rev/min, 
0.075 mm (0.003 in.). The smaller the clear- 
ance, the greater the permissible speed: 
hence, the preference is for air as a damping 
medium rather than oil. 

The approximate useful range of the 
damper appears to be for quill length-to- 
diameter ratios of 3.5:1 to 8:1. The tendency 
of the plug to remain at rest decreases with 








а decrease in the natural vibration frequen- 
cy of the quill. Making the quill longer or 
increasing the weight of the free end of the 
quill decreases the natural vibration fre- 
quency. Thus, the damper loses its effec- 
tiveness for long (and consequently low- 
frequency) quills. 

Inertia-Disk Damper. Another device for 
dissipating vibration consists of a stack of 
inertia disks of slightly different diameters 
inside a cavity in the boring bar. Any vibra- 
tion in the bar causes the disks to slide 
against the bar in random timing and there- 
by reduce the vibration below the magni- 
tude that causes chatter. 

The assembly of disks is held together by 
a draw bar that extends through the shank 
and screws into a threaded hole in the 
cutting head. This arrangement puts the bar 
under compression, for maximum strength. 
and permits the shop to change heads for 
different jobs. 

An operation in which a damped boring 
bar was substituted for a steel bar was the 
rough and finish boring of a 165 mm (6/2 in.) 
diam hole 1300 mm (51 in.) long in а heat- 
treated 1045 steel compressor body. Two 
125 mm (5 in.) diam openings in the wall 
presented an interrupted-cutting condition. 
Boring was done from both ends with a 
maximum bar overhang of 760 mm (30 in.). 
A standard square-shank brazed boring tool 
was used as the cutter. The steel boring har 
was run at a speed of 30 rev/min and a feed 
rate of 0.43 mm/rev (0.017 in./rev) for both 
rough and finish boring. 

The roughing operation required three 
cuts, each 3.2 mm (0.125 in.) deep. Surface 
finish was not critical, and performance was 
satisfactory but slow because of the 30 rev/ 
min spindle speed. 

Excessive chatter and tool wear were 
experienced during the finish boring cut of 
0.38 mm (0.015 in.) depth. Tool wear was so 
severe that the tool had to be changed in the 
middle of the cut. Deflection of the steel bar 
made it difficult to match the cut with the 
second tool. The resulting surface irregular- 
ities required that the hole be honed to meet 
size and finish requirements. 

Using the damped bar permitted the spin- 
dle speed to be increased from 30 to 90 rev/ 
min. At this faster speed but with the same 
feed of 0.43 mm/rev (0.017 in./rev), two 
cuts. h 4.75 mm (0.187 in.) deep, were 
required to rough bore the forging. Finish 
boring was done in a single cut 0.38 mm 
(0.015 in.) deep at the same speed and feed 
as those used for rough boring. The damped 
bar eliminated chatter and provided a sur- 
face finish well within requirements, there- 
by eliminating the honing operation. 

Other Methods. Another method of over- 
coming vibration is by the use of a combina- 
tion steel and carbide quill. Such a unit con- 
sists of a sintered carbide quill press-fitted 
into a steel mounting flange. On the end of the 
carbide is brazed a steel extension, which 
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Sintered alloy iron. 











Speed. at 700. in. mimi (Sfm) 60 (200) 
Feed. mmrcv (in./rev) — 0.3 (0.012) 
Depth of roughing cut. mm tin.) 0.90 (0.0351 
Depth of finishing cut. mm (in.) 0,38 0.015) 
Cutting fluid . . > None 
Production rate, pieces/h 1600 

Tool life, piecesigrind. С Хю 





Boring 30 piston rings at a time, using о 
Fig. 17 jj оп? carbide teol for roughing, 
ond a blade-type cutter for finishing to a specified 
maximum surface roughness of 0.75 pm (30 pin.) 
Dimensions in figure given in inches 


contains the cutting tool and damper. When 
possible, the cutting tool is placed between 
the damper and the carbide quill. 

If it is not possible to use dampers іп 
boring quills, oil or cutting fluid under pre: 
sure in the support bushing can ас 
vibration damper. The liquid provides a film 
that dissipates some of the vibrational ener- 
By. 








Another method of damping vibration is 
to make a quill having the same diameter 
and length on both sides of the mounting 
flange. The end without the tool is damped. 
This design requires that the center portion 
of the mounting flange be relieved, to act as 
à diaphragm, and that the spindle of the 
machine be hollow to accommodate the 
quill extension. 

Design of the workpiece may promote 
vibration and chatter: for example, a long, 
small-diameter hub attached to a thin web 
or to spokes radiating to a rim makes a 
typical unstable arrangement. The change 
in direction of the cutting forces as the tool 
or workpiece rotates can cause deflection 
and vibration in the hub. If a heavy, ringlike 
weight is properly clamped to the free end 
of the hub. it will damp the vibration and 
improve the finish of the bore. 


Surface Finish 


Aside from the inherent machining char- 
acteristics of the work material, factors that 
may singly or collectively affect surface 
finish are speed, feed, machine condition, 
tool design, tool support, and cutting fluid. 
Rigid machines and tool supports are man- 








datory when low surface roughness must be 
achieved. 

In many instances, finishes are improved 
by using higher speeds and lighter feeds. In 
boring larger parts. finish can often be im- 
proved by decreasing feed without changing 
speed. 

Often tool design is a major factor in the 
control of finish, and on many parts finish 
can be improved by the use of specially 
designed tools. Sometimes, tool changes 
improve productivity as well as finish, by 
permitting higher feed rate, increasing tool 
life, and decreasing downtime for tool 
change. The two examples that follow con- 
sider the effect of tool design on finish. 

Example 13: Specially Designed Cut- 
ters for Low Surface Roughness. A hori- 
zontal boring mill was used for two-pass 
roughing and finishing of five in-line bores 
in gray iron machine-tool work heads (see 
Fig. 16). Maintenance of size control and 
concentricity dictated the use of a multiple- 
tool bar. 

Achievement of the specified 1.60 рт (63 
pin.) finish necessitated the development of 
specially designed finishing cutters (see in- 
sets in Fig. 16). which were inserted in the 
bar for the second pass. With these special 
tools, a better-than-specified finish of 0.75 
to 0.90 pm (30 to 35 pin.) was obtaine 
Success resulted from the 30° lead chamfer 
on the 1.6 mm (Vio in.) radius lead, and from 
the 6.4 mm (% in.) long, circle-ground, 0° 
back taper land, which burnished the bear- 
ing bore t passed through the cut. Oper- 
ating conditions for roughing and finishing. 
are tabulated in Fig. 16. 

Example 14: Tool Design Change That 
Improved Productivity as Well as Finish. 
A special boring machine equipped with a 
rocking-type toolholder was used for the 
rough and finish boring of 30 sintered alloy 
iron piston rings at a time, using the setup 
and chucking method shown in Fig. 17. 
These rings, 35.18/35.05 mm (1.385/1.380 
in.) outside diameter, 28.21/28.18 mm 
(1.1105/1.1095 in.) inside diameter, and 
3.15/3.12 mm (0.124/0.123 іп.) wide. were 
required to have a maximum surface rough- 
ness of 0.75 ат (30 шп.). 

Originally, single-point tools had been 
used for both rough and finish boring. How- 
ever. because of the tool configuration re- 
quired for obtaining the specified finish, the 
single-point finishing tool deflected exces- 
sively under pressure and adversely affect- 
ed dimensional accuracy. 

When a blade-type cutter was substituted 
as the finishing tool (Fig. 17), tool deflection 
was eliminated. accurate dimensions and 
acceptable finish were obtained. and down- 
time for changing tools was decreased to 2 
min (from the 15 min formerly required). 
Changing from a single-point to a blade-type 
finishing tool also increased allowable feed 
rate from 0.2 mm/rev (0.008 in./rev) to 0.3 
mm/rev (0.012 іп./геу), and increased the 
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Tolerances 
Diameter, mm (in.) 
Straightness. mm (іп) 
Finish specified. jum (qin.) 


+0.02 (=0,00075) 
Within 0,013 (0.0005) 
160 (63) 

Operating conditions 


Speed, at 1150 revimin, mimin 
(Мт) 69 1225) 


Feed, mmirey (n./rev) -~ 0.013 (0.0005) 
Depth of cut per side, mm. 

tin.) ‚0,95 (0.0375) 
Cutting fluid. он 


Tool material 


Carbide tip, steel shank 
Production rate, piecesh.,... 3.1 





i Use of a boring-drilling tool in a precision 
Fig. 18 toring mochine for оон cutting 
from solid and finishing a long hole. The work material 
here was a heat-resisting stainless steel containing ap- 
proximately 12 Cr, 1 Mn, 3 Mo, 0.25 C, and 0.08 N, 
Dimensions in figure given in inches 


number of pieces per tool grind from 400 to 
800. Additional operating conditions are 
given in the table accompanying Fig. 17. 


Use of Boring Equipment for 
Machining Operations 
Other Than Boring 


Because of their rigidity, adaptability, 
and accuracy, boring machines are often 
used for machining operations other than 
those strictly classified as boring in certain 
applications. Three such applications are 
described below. 

Example 15: Deep-Hole Drilling in a 
Precision Boring Machine. Because they 
are rigid and have easily adjustable feed 
controls, precision boring machines are well 
suited to driving gun-drilling tools. A single- 
end precision machine fitted with a special 
type of gun-drilling tool (for combination 
drilling and boring) was used for simultane- 
ously drilling from solid and boring a hole 
14% diameters long in a heat-resisting stain- 
less steel workpiece (Fig. 18). The tool was 
a 378 mm (14% in.) long, single-flute steel 
shank with a brazed-on carbide cutting 
edge. Although in many gun-drilling opera- 
tions the work is rotated while the drill is 
fed into it, in this application the workpiece 
was held in a fixture, and the tool was 
rotated. As in all gun drilling, however, а 
cutting fluid was used to cool the tool and to 
flush chips out of the hole along the tool 
flute. 

As shown in the tabulation of processing 
details that accompanies Fig. 18, this bor- 
ing-drilling tool produced the hole to a 
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CF-8 (type 304) 
Stoinless steel 





costing = 
634 Ib ш 2 
Workoece = 
еа ecd 
Operations 1 and 2 па, 
Каста and егт = Fahim = 
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Workpiece 





Operation 3 


Faring ene | Nous 




































Operations 4 and 5 Operat Operation 7 
ating ond serroting Facing tapered at олоон ass: xol 

Tolerances Feed. mmirev (in rev) 

Inside seat, mm (in.).-..... +0.13, -0.00 140005, -0.00) | Operations 1, 3. and 4. ало (0,008) 
All other surfaces, mm (їп) m *0.4 (+ Уы) Operations 2 and $.. 10.84 (0.033) 
Operations 6 and 7 . 0.15 (0.006) 

Opecatinn comis Depth of cut, mm (in.) 

Speed, m/min (stim) all operations ........6.35 (0.250) max 
Operations 1 and 4, at 22 rev/min. 2260 (197) | Serrating. 32 cuts per 25 mm... ....038 (0.015) 
Operations 2 and 5. at 25 revimin . 46.9 (154) | Tool material .....................--- Carbide 
Operation 3. at 32 revimin 664 (218) | Setup time, h oe RC 
Operations 6 and 7, at 25 revimin -33.5 (110) | Total machining time, h i i2 








Fig. 19 


diametral tolerance of +0.02 mm 
(+0.00075 in.) and to straightness within 
0.01 mm (0.0005 in.). This type of tool, 
however, can drift as much as 0.001 mm/ 
mm (0.001 in./in.) and therefore cannot be 


Sequence of facing and serrating operations оп a gate valve, using a horizontal boring mill with оп 
indexing table. Dimensions in figure given in inches 


used to eliminate a separate boring opera- 
tion when the tolerance on concentricity is 
extremely tight. 

Example 16: Machining Pockets From 
Solid in a Contour Boring Machine. A 





special vertical contour boring machine 
was used for cutting contoured pockets in 
the solid wails of ring-shape parts made 
from 1015 steel and stress relieved to 159 
to 170 HB. The cutting tool used, a special 
two-flute end mill with one flute acting as a 
boring tool, removed 19 mm (% in.) of 
stock from the ring wall in a straight cut, 
then made a contour finishing cut of 0.1 to 
0.79 mm (0.005 to 0.031 in.) to a specified 
tolerance of +0.13 mm («0.005 in.) and a 
finish of 0.50 to 0.63 рт (20 to 25 pin.). 

The carbide cutter, which was ground 
with 10° front clearance, 15° side clearance, 
and a negative rake angle of —2°, was 
operated at 150 m/min (500 sfm) and 0.13 
mm/rev (0.005 in./rev); water-soluble oil 
was used as a cutting fluid. 

Workpieces were supported on an index- 
ing fixture plate. Setup time was 2 h, pro- 
duction rate was 16 pieces per hour, tools 
machined 80 pieces per grind, and down- 
time for changing tools was 6 min. 

Example 17: Facing and Serrating in a 
Horizontal Boring Mill. A horizontal bor- 
ing mill was used for seven facing or serrat- 
ing operations on a 288 kg (634 16) gate 
valve cast from CF-8 (type 304) stainless 
steel. The valve and the sequence of oper- 
ations are shown in Fig. 19. The boring mill 
was equipped with a 1.2 m (4 ft) square, 360° 
indexing table on a cross slide. Facing or 
turning capacity was 1070 mm (42 in.) with 
1.8 mm (6 ft) vertical travel. The workpiece 
was held on the machine bed with standard 
tie-down clamps. Facing and serrating were 
done with the same tool, but at different 
feeds and speeds, as shown in the table of 
operating conditions that accompanies Fig. 
19. 
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TREPANNING is a machining process 
for producing a circular hole or groove in 
solid stock, or for producing a disk, cylin- 
der, or tube from solid stock, by the action 
of a tool containing one or more cutters 
{usually single-point) revolving around a 
center. The process is used in at least four 
distinct production applications: 


* Round disks 

* Large shallow through holes 
* Circular grooves 

* Deep holes 


A hole diameter tolerance of +0.25 mm 
(x0.010 in.) can easily be obtained by 
trepanning, and in some cases, a tolerance 
of 0.025 mm (+0.001 in.) has been held. 
Hole runout can be held to £0.25 mm/m 
(20.003 in./ft) and at times to £0.08 mm/m 
(20.001 in./fU. On heat-treated metal, a sur- 
face finish of 3.2 to 3.8 шт (125 to 150 pin.) 
R, can be obtained, and on annealed metals 
2.5106.3 p.m (100 to 250 pin.) А, is common. 


Round Disks 


One common use of trepanning is the 
production of round disks from flat stock. 
The process is particularly applicable when 
production quantities are too small to war- 
rant the use of blanking dies and when 
flame-cutting equipment is unavailable. 
Hand-fed drill pres: are the machines 
most used for this application of trepanning. 

When a center hole is unobjectionable, 
the trepanning tool consists of an adjustable 
fly cutter mounted on a twist drill (Fig. 1); 
the drill serves as both driver and pilot, and 
the single-point tool can be positioned as 
desired to change the size of the circle cut. 
If a center hole cannot be permitted, a tool 
of the type shown in Fig. 1 can be used 
without a drill pilot. By this techniqu 
however, rigidity is more difficult to m: 
tain, and there is greater likelihood of tool 
chatter and loss of dimensional control. 

There is no established maximum thick- 
ness or diameter of disks that can be cut by 
this method of trepanning. Because of the 
load imposed on the tool, however, the 
process is seldom used for cutting material 
more than about 6.4 mm (lA in.) thick. In 
addition, because rigidity decreases as di- 
ameter increases, disks cut by this method 
are usually less than 150 mm (6 in.) in 
diameter. Larger cuts by trepanning are not 
made if other methods can be used. Smaller 
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Fig. 1 Diilsmounted adjustable fly cutter used for 
19. ! irepanning various sizes of disks from flat 
stock, or grooves oround centers 


trepanning cuts may compete with press- 
working (if the means are available), and 
larger cuts may compete with other meth- 
ods, such as flame cutting. 

In this type of trepanning, slow speeds 
(ranging downward from about 10 m/min, or 
35 sfm) are ordinarily used and feed is 
controlled manually. Cutting fluids are sel- 
dom employed. 


Large Shallow 
Through Holes 


Round through holes having diameters 
that exceed depth by a factor of about five 
or more can often be efficiently and accu- 
rately produced by trepanning. Workpiece 
configuration often dictates the trepanning 
technique used because special fixturing 
may be necessary to ensure adequate rigid- 
ity. The tools and techniques employed in 
one application are described in the follow- 
ing example, in which trepanning was pre- 
ferred to drilling. 

Example 1: Nine Shallow Holes in Web 
of a Steel Gear. Trepanning proved more 
practical than drilling for producing nine 
weight-reducing holes in the web section of 
an aircraft accessory drive gear made of 
9310 steel (Fig. 2). Depending on the size of 
these gears, the holes ranged from 19 to 32 
mm (¥% to 1% in.) in diameter, and web- 
section thickness ranged from 3.56 to 6.35 
mm (0.140 to 0.250 in.). 

Trepanning was done with carbide-insert 
single-point tools at a speed of 91 m/min 
(300 sfm) and a feed of 0.05 mm/rev (0.002 
in./rev). Originally, a top-brazed insert (bot- 
tom left, Fig. 2) was used, but tool life was 
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n Shallow holes produced trepanning in 
Fig. 2 огсон gear shown at top left. Top-brazed 
corbide inserts cut only 40% os many holes per grind as 
side-brazed inserts. 


only 30 holes per grind. By changing to 
side-brazed inserts (bottom right, Fig. 2), 
tool life was increased to 75 holes per grind. 
With either tool, maximum tool life was 
obtained when the tool was not allowed to 
cut completely through the web. A thin 
section was left to hold the plug, and this 
section was casily knocked out during in- 
dexing of the gear. 





Circular Groov: 


The tools and techniques used for pro- 
ducing round disks or large shallow through 
holes can also be used to provide metal 
parts with circular grooves for accommo- 
dating O-rings or for other purposes. The 
only difference is that the cutter must be 
shaped to form the desired cross-sectional 
shape of the groove. 

When a groove to be cut is only slightly 
larger in diameter than a concentric pilot 
hole, optimum results are obtained by the 
use of a combination drilling-and-trepan- 
ning tool that resembles a hollow mill (Fig. 
3). With this tool, a twist drill is inserted 
into a hollow cutter and held by a setscrew. 
This type of trepanning cutter usually has 
two or more cutting edges to provide bal- 
ance, which assists in maintaining dimen- 
sional control. Cutting edges have a back 
rake angle of about 20° for most applications. 

Any machines normally used for drilling 
are suitable for driving combination tools of 
the type shown in Fig. 3. Speeds up to 30 m/ 
min (100 sfm) are ordinarily used, in con- 
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junction with feeds of about 0.1 mm/rev 
(0.004 in./rev). Soluble oils are usually sat- 
isfactory as cutting fluids, although sulfur- 
ized oils are preferred when tolerance and 
finish requirements are critical. The follow- 
ing example describes an application in 
which trepanning was more efficient and 
economical than the use of single-point 
tools for producing a circular face groove. 

Example 2: Trepanning Versus Single- 
Point Plunge Cutting. Originally, the 73 
mm (27% in.) groove in the 4140 steel part 
shown in Fig. 4 was produced in roughing 
and finishing operations on a lathe, using 
single-point carbide-insert tools. Chip build- 
up and tool breakage were continual prob- 
lems. Tool life per sharpening was only 25 
picces, and production time per piece was 
3.9 min. 

Tool breakage and chip buildup were 
eliminated (and grooving was reduced to a 
one-operation job) by substituting trepan- 
ning for the original method. The trepanning 
tool used had two carbide cutters mounted 
on an 1141 steel body: tool design is shown 
in Fig. 4. Trepanning also reduced time per 
piece to 1.8 min (less than half, compared 
with the original method) and doubled tool 
life to 50 pieces per sharpening. 





Trepanning is often the most practical 
method of machining deep holes or tubes 
from the solid. Deep-hole trepanning is sim- 
ilar to gun drilling (see the article "Drilling" 
in this Volume) in that both processes re- 
quire a pressurized cutting fluid system and 
employ self-piloting cutting action. The two 
main differences are: 











ө Trepanning is practical only for 
holes (more than about 50 mm, or 2 
diameter) 

ө Trepanning produces a solid core, while 
gun drilling forms only chips 


As a means of producing holes 50 mm (2 
in.) in diameter or larger (especially holes 
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Tool used in treponring operation (shown ot 
top left and bottom). The part is shown at 
top right. Dimensions given in inches 


Fig. 4 


whose depth is eight or more diameters). 
trepanning offers the following advantages 
over spade or twist drilling, with their allied 
operations: 





* Closer tolerances can be met on diameter 
and straightness 

© Drilling of deeper holes is feasible 
Rate of metal removal is higher 

@ |n machining costly work materials, 
cores are more valuable than chips 


Trepanning can also be used to produce a 
tube from a cylindrical billet when machin- 
ing space-age metals such as beryllium. The 
trepanning of a cylindrical core from the 
center of a s cylinder of metal is not 
ordinarily done in regular mass production. 
Beryllium. however, is a problem metal that 
needs special methods. 

Misalignment is probably the most fre- 
quent single source of difficulty in deep- 
hole trepanning. The misalignment may be 
caused by insufficient rigidity in the tooling 
and the setup. Accurate alignment and ri- 
gidity are essential for control of dimen- 
sions and finish and for satisfactory tool life 
at high depth-to-diameter ratios. 


Machines 
for Deep-Hole Trepanning 

For trepanning holes less than about five 
diameters deep, simple vertical drill presses 
are usually satisfactory. However, as the 
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Fig. 5 Engine lathe setup for trepanning deep holes 
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depth of the hole exceeds five times diam- 
eter, any type of vertical equipment be- 
comes progressively more impractical. In 
addition, as the depth-to-diameter ratio in- 
creases, accuracy is lost more rapidly in 
equipment in which the tool is rotated and 
the work is held stationary. Therefore, en- 
gine lathes, turret lathes, or horizontal drill- 
ing machines are preferred for trepanning 
deep holes. In all of these machines, the 
workpiece is rotated while the tool remains 
stationary. This technique results in greater 
accuracy, other conditions being constant. 

Regardless of the type of machine used, it 
must be rigid and capable of speeds up to 
185 m/min (600 sfm) to accommodate car- 
bide tooling. It should also have variable 
feed control. 

Engine Lathes. Figure 5 shows a basic 
engine lathe setup, in which a cylindrical 
workpiece is rotated, the tool is fed into it, 
and ап inside-diameter-exhaust trepanning 
head is used (see the section "Tools for 
Deep-Hole Trepanning" in this article). 
Such a setup is used for holes about 50 to 
115 mm (2 to 4% in.) in diameter, One end 
of the workpiece is held in a three-jaw 
chuck, and the other end in a roller steady 
rest (rollers are about 150 mm, or 6 in., in 
diameter). A relatively long workpiece re- 
quires an additional steady rest midway 
between the chucking headstock and the 
roller steady rest. 

The end of the workpiece next to the 
steady rest must be faced at right angles to 
the spindle centerline. The facing cut, made 
by a tool on a cross slide, provides a flat 
surface for the fluid seal on the guide bush- 
ing and prevents the runout that could make 
the fluid seal leak. The guide bushing should 
be mounted on ball bearings which are the 
most economical means of support at the 
speeds involved, 

Cutting fluid under pressure enters the 
leakproof rotary joint behind the bushing 
and flows into the annular space around the 
hollow boring bar. The fluid then flows to 
the cut between the bushing and the periph- 
ery of the tool head, picks up the chips, and 
flushes them through the head between the 
cutter and the core and then out along the 
space between the core and the inner wall of 
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the boring bar. An additional fluid seal is 
necessary at the rear of the guide-bushing/ 
fluid-transfer unit. The tailstock end of the 
boring bar is mounted in a headstock on the 
lathe carriage and is rigidly clamped in 
position by means of a bearing cap and 
clamping nuts. 

To serve as a vibration damper, a steady 
rest is located directly behind the guide- 
bushing/fluid-transfer unit. This damper is 
of the same construction as the boring-bar 
headstock, except that a two-piece bronze 
bushing is used to damp vibration and to 
allow the boring bar to slide. 

Alignment is critical. The spindle, chuck, 
steady rests, guide bushing, and boring-bar 
headstock must be as nearly in line as 
possible. In addition, the machine ways 
must be aligned, and the boring bar must be 
ground to uniform diameter and straight- 
ness. 

The bores in the guide-bushing/fluid- 
transfer unit, the vibration-damper unit, and 
the boring-bar headstock should be large 
enough to accommodate the boring bar for 
the largest-diameter hole to be trepanned on 
the machine. For smaller holes, smaller 
boring bars can be used with appropriate 
bushings. 

For holes more than about 115 mm (4¥2 
in.) in diameter, other setups are sometimes 
more economical and can be used with an 
outside-diameter-exhaust head for trepan- 
ning relatively deep holes (see the section 
“Tools for Deep-Hole Trepanning" in this 
article). One of these adaptations is the use 
of a three-roll support on the bed of an 
engine lathe. A three-roll support used in 
conjunction with an outside-diameter-ex- 
haust head effects a savings by eliminating 
the need for a starting or guide bushing. 

Turret lathes are also suitable for trepan- 
ning relatively deep holes, as indicated in 
the following example. 

Example 3: Use of a Turret Lathe for 
Trepanning. Holes 127 mm (5 in.) in diam- 
eter and 915 mm (36 in.) deep were 
trepanned in vacuum-melted 4340 steel us- 
ing an outside-diameter-exhaust trepanning 
head with a 19 mm (% in.) wide carbide 
cutting tip. A turret lathe of 11 kW (15 hp) 
capacity was used to rotate the workpieces 
at 190 rev/min (76 m/min, or 250 sfm). 
Water-soluble oil, under pressure of 275 
kPa (40 psi) was pumped through the cutting 
area at 190 L/min (50 gal./min). At a feed 
rate of 0.18 mm/rev (0.007 in./rev), two 
pieces per hour were produced. 





Tools for Deep-Hole Trepanning 


Boring bars for trepanning are hollow 
tubes that allow the workpiece core to enter 
with enough clearance for cutting fluid to 
flow to the cutter or for fluid and chips to be 
forcibly exhausted from the cutter. The bar 
is usually made from 52100 bearing steel or 
a similar steel. Wall thickness ranges up- 
ward from about 7.9 mm (ie in.) depending 
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Fig. 6 Two types of single-cutter trepanning heads 


‘on the length of the bar and the required 
resistance to torsional forces. 

Trepanning heads are cylindrical and usu- 
ally employ a single solid-carbide or carbide 
tip cutter. Multiple-cutter heads, despite 
their desirable chip-breaking action, are 
used to a lesser extent because they pose 
problems in attaining balanced cutting ac- 
tion—without which hole accuracy may be 
sacrificed. 
le-cutter heads (Fig. 6) аге self- 
piloting; they are supported and guided by 
wear pads located about 90 and 180° behind 
the cutter. The head fits onto the boring bar 
by means of a pilot diameter and can be 
driven by three lugs. With this mating de- 
sign, the head is locked to the bar screws. 
Some heads are secured to the bar by Acme 
threads around the inner circumference of 
the head, but high torsional forces can 
cause thread seizure. Ahead of the cutting 
edge on the outside diameter of the head is 
a relief for intake of cutting fluid or for 
exhaust of cutting fluid and chips. 

One type of head (Fig. 6a), usually for holes 
up to 115 mm (4/ in.) in diameter and with 
depths of 12 to 15 diameters, accommodates 
cutting fluid flow from the inside diameter of 
the bar and exhausts the fluid on the outside 
diameter. Recommended maximum depths 
for holes trepanned with outside-diameter- 
exhaust heads are as follows: 
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and larger, maximum depth is limited only 
by machine design. 

With this type of head, chips and fluid are 
exhausted along a longitudinal groove 
milled on the outside diameter of the head. 
The clearance between the core and the 
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inside wall of the head must be controlled so 
that the volume of cutting fluid is restricted. 
As a result, there is a high-velocity centrif- 
ugal action that forces the chips away from 
the cutting edge. 

In production trepanning, one plant found 
that a fluid-inlet area of 645 mm? (1 їп?) 
produces a pressure of about 345 kPa (50 
psi) ona 178 mm (7 in.) diam head. This size 
of inlet area allows full pump flow through 
the head and provides sufficient velocity for 
chip disposal. As the hole size decreases 
and the inlet area remains constant, the 
pressure increases. Increased pressure is 
desirable as hole diameter decreases or as 
depth increases. For holes less than 100 mm 
(4 in.) in diameter, however, an inlet area of 
645 тт? (1 in.?) is not possible; for these 
holes. the inlet area should be made as large 
as possible to provide adequate volume 
without weakening the head. 

The outside diameter of an outside-diam- 
eter-exhaust head is only 0.50 to 0.64 mm 
(0.020 to 0.025 in.) smaller than the diame- 
ter of the hole being cut; this prevents chips 
from escaping between the head and the 
wall of the hole. As a result, the possibility 
of a marred finish is lessened, and channel- 
ing of the fluid and chips through the ex- 
haust groove is facilitated. 

To minimize the problem of chip disposal 
in holes more than about 15 diameters deep, 
an inside-diameter-exhaust head (Fig. 6b) is 
used. With this type of head, fluid under 
pressure flows to the cutting edge over the 
outside diameter of the bar and head. The 
fluid and the chips are exhausted through 
the inside diameter of the boring bar. 

Wear pads (Fig. 6) are essential compo- 
nents of single-cutter heads. Wear pads 
balance cutting force, control hole size, and 
provide a burnishing action that may im- 
prove finish. 

Ordinarily, wear pads have steel bodies 
and brazed-on carbide wearing surfaces. 
The wear pad body may have two angular 
sides that result in a dovetail fit in the head. 
The pads are circle ground so that when 
they are positioned in the head they will 
clear the bore wall by about 0.05 mm (0.002 
in.) and will project about 0.25 mm (0.010 
in.) from the head. 

One pad is located approximately 90* 
behind the cutting edge; this pad steadies 
the head against the bore and balances the 
cutting force. The other pad is about 180° 
behind the cutter and automatically controls 
the size of the hole. If the cut is oversize, 
the bore is large, and the pressure on this 
pad is immediately decreased. As a result, 
the head moves away from the surface 
being cut, reducing the bore size until equi- 
librium is again established. Similarly, if the 
cut is undersize, pressure on the pad is 
increased, and the head moves toward the 
surface being cut. 

Initial cutting action is controlled by a 
guide bushing (Fig. 5), by a counterbore, or 
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Fig. 7 starting too! for trepanning 


by a starting tool that cuts a groove (Fig. 7). 
If a bushing is used, starting feeds are 
relatively light and characteristically pro- 
duce stringy chips, which must be removed 
at intervals. The counterbored hole or start- 
ing groove should be deep enough to ensure 
self-piloting by the trepanning head. 

Conventional cutters (Fig. 8) have a car- 
bide tip brazed on a tool steel body. (Because 
index positions are limited and chip flow is 
obstructed, disposable-insert tooling has not 
been widely used in trepanning.) The brazed 
cutter is designed so that the single edge has 
three steps to break the chip into three equal 
widths. Each step includes a parallel chip 
breaker. The cutter is commonly 19 mm (% 
in.) wide, but wider cutters have been suc- 
cessfully used for holes more than about 100 
mm (4 in.) in diameter. 

The radial position of the cutter when 
used in a stationary head is important. 
Viewed from the cutting end of the head, 
the cutter should be approximately at the 2 
o'clock position; thus the cutting fluid will 





































i Typical design of a trepanning cutter for pro- 
Fig. 8 jig deep holes. Dimensions given in inches 


wash the chips away from the cutter 
through the relief on the outside diameter of 
the head, and the core, when cut, will fall 
away from the cutter. 

Multiple-cutter heads are sometimes 
more appropriate than those with single 
cutters. This is especially true when hole 
starting is difficult or for minimizing shock. 
on the bar or other components in the 
driving mechanism. 

Example 4: Use of a Three-Cutter Head 
for Trepanning Transversely Through a 
Steel Cylinder. A 64 mm (2/2 in.) diam hole 
was trepanned through the 100 mm (4 in.) 
diameter of a solid cylinder of 8615 steel. A 
specially designed three-cutter head (Fig. 9) 
of 4140 steel was used in order to minimize 
spindle shock. This head, of the outside- 
diameter-exhaust type, included three 150 
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Three-cutter trepanning head used for cutting a 64 mm (2'4 in.) diam hole through a solid cylinder of 8615 


mm (6 in.) long bronze conventional wear 
strips, spaced 120° apart and 30° behind 
each cutter. To provide maximum stability 
and accuracy, an additional set of three 
cylindrical carbide wear strips (7.9 mm, or 
Ye in. in diameter and 32 mm, or 1% in., 
long) was incorporated. A guide bushing 
was used in conjunction with a modified 
drill press that provided 22 kW (30 hp) at the 
spindle. Cutting fluid (active mineral oil) 
was pumped through the bar at 345 kPa (50 
psi) and 380 L/min (100 gal./min). 

Four-Cutter Heads. Production rate can 
be increased with only a slight increase in 
feed rate or chip thickness, by the use of a 
four-cutter head. The first pair of cutters 
produces a narrow groove; this is then 
widened to final dimensions by the second 
pair of cutters. Initial and maintenance 
costs, however, are greater for this type of 
tool than for a single-cutter head. Figure 10 
illustrates the recommended coolant pres- 
sure and flow rates for multiple-cutter inter- 
nal chip removal trepanning tools. 


Speed and Feed in 
Deep-Hole Trepanning 

Table | lists speeds and feeds for trepan- 
ning decp holes in a variety of carbon, alloy, 
and stainless steels. These values are useful 
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Table 1 Speeds and feeds for the deep-hole trepanning of various steels with high-speed tool steels and 


carbide tools 





























Hardness. [Зм —, ге — Г Tool material 
Material HB Condition mimin sfm mmirev inre зо AISI or C 
Wrought free-machining carbon steels 
Low-carbon resulfurized 
ив 118 p 100-150 Hot rolled or annealed 35 "s 0.20 0.008 84, S5 M2, M3 
um wm o 1212 150 500 0.20 0.008 P30 C4 
150-200 Cold drawn эт 120 020 0.008 S4, 55 M2, M3 
185 өю 030 0.008 P30 Св 
Medium-carbon resulfurized 
п? 0 1145 175-225 Hot rolled, normalized, 32 105 0.18 0.007 S4, SS M2, M3 
1137 141 146 annealed, or cold drawn 150 500 0.18 0.007 P30 C6 
1139 1144 1151 
325-375 Quenched and tempered 15 50 0.15 0.006 S9. SI) TIS, маз) 
120 400 0.18 0.007 P30 C6 
Low-carbon leaded 
1113 100-150 Hot rolled, normalized, 40 130 020 0.008 54, 55 M2, MÀ 
12.14 annealed, or cold drawn 185 өю 0.20 0.008 P30 C^ 
12145 
200-250 Hot rolled, normalized, 32 105 0.18 0.007 54, S5 M2, M3 
annealed, or cold drawn 150 500 O18 0.007 P30 C6 
Wrought carbon steels 
Low carbon. 
1005 1009 1015 1023 85-125 Hot rolled, normalized, M по 020 0.008 54, 55 M2, M3 
1006 100 1017 1025 annealed, or cold drawn 150 300 020 0.008 P30 C6 
1008 1012 10% 
225-275 Annealed or cold drawn n 75 18 0.007 S4, SS м2, M3 
120 40 0.18 0.007 P30, сө 
Medium carbon. 
1030 1039 — 1045 1055 125-175 Hot rolled, normalized. 26 85 020 0.008 54, SS M2, M3 
юз 1040 — 1046 1525 annealed, or cold drawn E 450 030 0.008 P30 C 
1035 1042 1049 1526 
1037 1043 1080 — 1527 375-425 Quenched and tempered 9 30 0.10 0.004 59, S11) TIS, маль) 
1038 1044 1053 100 325 0.13 0.005 P30 C4 
Wrought alloy steels 
Low carbon. 
4012 4615 4817 617 125-175 Hot rolled, annealed. E] 90 0.18 0.007 54, 55 м2, M3 
4023 7 4820 8620 cold drawn 145 475 0.18 0.007 P» CH 
юм 4630 5015 ке? 
{в 4621 SIS 8822 325-375 Normalized or quenched 14 45 ол 0.004 59, SIMb) TIS, мах) 
бю 4718 — 5120 — 9310 and tempered ° 300 0.13 0.005 P30 C 
4419 4720 Өк — 94BIS 
4420 4815 RIIS ов? 
Medium carbon. 
1M0 4145 50846 8642 175-225 Hot rolled. annealed. or 18 60 0.15 0,006 54, 55 м2, M3 
TMS 447 540 8645 cold drawn ns 375 015 0.006 P30 св 
4040 4340 5145 БӨВА5 
м7 50840 547 8740 325-375 Normalized or quenched 9 30 оло 0.004 59, 51) TIS, M42(b) 
440 50844 ҜІВ45 8742 and tempered С 300 0.13 0.005 P30 C-6 
42 546 640 
High carbon. 
50100 Hot rolled, annealed. or 17 55 0.13 0.005 54, 55 M2, M3 
$1100 cold drawn 105 350 0.15 0.006 P30 C 
$2100 
M-50 
Wrought stainless steels 
Ferritie 
405 40 шм? 135-185 Annealed 27 90 0.075 0.003 S4, S5 M2, M3 
49 м 446 м 275 0.15 0.006 P30 св 
409 4M 
Austenitic 
ю м эл 385 135-185 Annealed x 65 0.075 0.003 54, 55 M2, M3 
202 ом. 347 84 275 0.15 0.006 ко C2 
301 305 348 
шп 08 эм 225-275 Cold drawn 18 ы 0.075 0.003 54,55 м2, M3 
ө 225 0.10 0004 Kon c2 
Martensitic 
43 42 135-175 Annealed 7 90 0.075 0.003 54, 55 M2. M3 
4l 501 76 250 0.15 0.006 P30 св 
ш 502 275-325 Quenched and tempered 15 50 0.075 0.003 59, SIi(b) TIS, M4205) 
e 200 0.10 0.004 P30 C6 


(a) Based on standard 19 mm (34 in.) cutting edge. single blade. (b) Any premium high-speed tool steel (TIS. M33, M4I-M47) or (S9, S10. S11. $12), Source: Meteut Research Associates 
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as a starting point for selecting efficient and 
economical rates. 

Processing conditions for a given applica- 
tion are best determined by production tri- 
als. The nature and amount of machining to 
be done, the size and shape of the part, the 
work material, and the equipment and tool- 
ing may necessitate substantial deviations 
from the nominal speed and feed. 

In deep-hole trepanning, the ability to use 
optimum speed and feed largely depends on 
the rigidity of the boring bar and on the 
effectiveness with which the cutting fluid 
cools, flushes away chips, and prevents 
chips from forcibly contacting the newly 
machined surface. The speed and feed val- 
ues given in Table | assume effective use of 
a suitable cutting fluid. 


Cutting Fluids 
for Deep-Hole Trepanning 

Cutting fluids often represent the differ- 
ence between success and failure in a 
trepanning operation. In general, the cutting 
fluids recommended for trepanning are sim- 














ilar to those recommended for gun drilling, 
that is, straight oils. Extreme pressure (EP) 
additives significantly improve tool life, 
particularly the life of the wear pads. 

In applications in which high-nickel or 
high-cobalt alloys are trepanned, sulfurized 
or other EP-enhanced cutting oils are criti- 
cal to the life of the wear pads. If the 
lubricating film between the wear pad and 
the workpiece breaks down, the cobalt 
binder in the carbide is quickly attacked, 
and the wear pads disintegrate. In critical 
applications for nuclear materials in which 
chlorine and sulfur are not allowed because 
of stress corrosion problems, synthetic 
coolants used at ratios as low as 5:1 with 
heavy EP additives can result in a success- 
ful application of trepanning. 

[he volume of the cutting fluid is also 
critical to the success of a trepanning oper- 
ation. Trepanning produces a large number 
of chips at a very high rate of speed in an 
extremely confined area. Assuming the 
trepanning bit produces consistent, small 
chips, there is an immediate need to evacu- 





ate these chips as quickly as possible. High 
volumes of coolant with increased viscosity 
will normally accomplish this task. The 
power consumption of the coolant pump 
often equals the power consumption of the 
machine spindle driving the tool. 

In an application involving the vertical 
trepanning of platens for plastic injection 
molding presses, a 45 kW (60 hp) vertical 
mill was used. The platens were 610 mm (24 
in.) thick, and a 318 mm (12% in.) hole had 
to be trepanned through 1020 steel. The 
cutting fluid was an EP-sulfurized mineral 
oil. Vertical application necessitated the use 
of large volumes of cutting fluid at high 
pressure to remove the chips from the hole. 
A 45 kW (60 HP) coolant pump was suc- 
cessfully used in the operation. The starting 
bushing was combined with a chip evacua- 
tion box surrounding the workpiece to re- 
duce the flow of coolant to the bed of the 
machine and to direct the waste chips and 
coolant to a settling tank, Outside-diameter- 
exhaust trepanning was successfully used in 
this application. 
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PLANING is a machining process for 
removing metal from surfaces in horizontal. 
vertical, or angular planes. In this process. 
the workpiece is reciprocated in a linear 
motion against one or more single-point 
tools. Although planing is most widely used 
for producing flat, straight surfaces on large 
workpieces, the process can also be used to 
produce contours and a variety of irregular 
configurations, such as deep slots in large 
rotors, helical grooves in large rolls, and 
internal guide surfaces in large valves. It is 
often possible to produce one or two parts 
оп a planer in less time than is required 
merely to set up for machining by an alter- 
native method; therefore, planing is often 
used for machining parts to meet production 
emergencies. 


As the hardness of the workpiece in- 
creases above about 25 HRC, metal remov- 
al rate and tool life decrease. However. 
metals hardened to 46 HRC or higher can be 
planed. For example, planing is often used 
to produce flat surfaces on large, heat- 
treated die blocks. 

The of the workpiece that can be 
planed is limited only by the capacity of the 
available equipment. Standard equipment is 
available that can make cuts as long as 15 m 
(50 ft), and still larger machines have been 
built to special order. 

Although planing is most widely used for 
machining large areas. it is also used for 
machining smaller parts or areas. For exam- 
ple, jig-frame weldments can be squared and 
tooling-pad surfaces leveled on areas of less 
than 0.09 т> (1 12). However, 305 mm (12 in.) 
is about the minimum planing stroke. Another 
common practice is tandem, or gang. planing. 
in which a number of relatively small but 
identical workpieces are lined up on the table 
and planed at the same time. 

Tolerance and Finish. Even though the 
equipment used for planing is relatively 
large and rugged, close tolerances in both 
flatness and parallelism can be achieved 
with planers. For this reason, planing is 
sometimes selected over competitive pro- 
cesses. 

Flatness variations can be held within 
0.013 mm (0.0005 in.) total indicator reading 
оп workpieces up to 0.4 т” (4 ft^) in area or 
up to about 1.2 m (4 ft) long. Cast iron 
workpieces can be planed to a finish of 




















about 1.60 рт (63 pin.) and steel work- 
pieces to about 0.80 pm (32 pin.). 


Planers 


The planer develops its cutting action 
from the straight-line reciprocating motion 
between the tool and the workpiece. On a 
planer, the work is reciprocated longitudi- 
nally while the tools are fed sideways into 
the work. The feed in planing is intermittent 
and represents width of cut. Planer tables 
are reciprocated by either mechanical or 
hydraulic drives. Most planers, however, 
are mechanically driven by such means as 
variable-voltage, constant-torque drives. 

The speed at which a mechanical-drive 
planer operates depends on the speed of the 
driving motor and on the gear ratio. In 
hydraulic planers. table speed depends on 
the effective area of the piston and on the 
volume of oil pumped against the piston 
area per unit of time. Regardless of whether 
the drive is mechanical or hydraulic. the 
efficiency of planers can be greatly in- 
creased by incorporating a means of in- 
creasing table speed on the return stroke, 
during which time no cutting is done. 

Double-housing planers (Fig. 1) incor- 
porate two vertical uprights that support the 























Double-housing planer 
with a tool head on one 
of the two vertical support 
uprights in addition to 
the two tool heads on the 
crossrail. Another tool 
head can be supported 
om the other upright in 
some models. The two up- 
rights are immovable and 
limit the width of work- 
piece that can be planed 
in this machine. 








crossrail. Double-housing planers are more 
rigid than open-side planers, but they are 
limited as to the width of workpiece they 
can accommodate. 

Open-side planers differ from double- 
housing planers mainly in that they have 
only one upright column, from which the 
crossrail is cantilevered over the table. 
Open-side planers can accommodate wider 
workpieces than the double-housing ma- 
chines because the workpieces can over- 
hang from the side of the table without 
interfering with the planer mechanism, 
When the workpiece is considerably wider 
than the table, an outboard rolling table can 
be used to support the overhanging section 
of the workpiece. 

The main disadvantage of open-side plan- 
ers is that they are less rigid than double- 
housing planers. Open-side planers are also 
limited to three tool heads: two on the 
crossrail and one on the single upright col- 
umn. However, an open-side planer can be 








converted into a double-housing planer by 
using an outboard detachable housing, Out- 
board housings are available as optional 
equipment and can be mounted or dis- 
mounted in about 1 h. This added support 
increases the rigidity of the machine and 
permits the use of an additional tool head. 








Fig. 1 Significant components of a double-housing planer 
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Fig. 2 


Planer mills (adjustable rail mills) have 
been developed from the use of accessory 
milling and boring heads on planers. These 
machines have various combinations of 
planing, milling, and boring heads, and they 
can perform multiple operations on a single 
workpiece setup. 

Workpiece Capacity. Both double-hous- 
ing and open-side planers are available in à 
wide range of sizes. Double-housing planers 
are rated by width, height, and length. in 
that order. Width refers to the maximum 
width of workpiece that can pass between 
the upright housings. Height refers to the 
maximum height of workpiece that can pass 
under the crossrail when supported on the 
table. Length refers to the maximum stroke. 
Open-side planers are similarly rated with 
regard to size, except that the width is table 
width, not maximum workpiece width. 

Tool Capacity. Although only three tool 
heads can be used on an open-side planer, 
and four on a double-housing planer, tool 
capacity can be increased through the use of 
special holders that accommodate more 
than one single-point tool. It is common 
practice to use a roughing tool and a finish- 
ing tool in the same head, thus completing a 
planing operation in one pass instead of two 
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Fig. 3 


(usually with some sacrifice in surface fin- 
ish). 

For straight planing, the efficiency of the 
planer can be greatly increased by using 
double-cutting tools, in special holders on 
special heads, which permit planing on both 
the forward and return strokes of the 
planer. When these tools are used, the 
speed of the normally noncutting return 
stroke—which on most modern planers is 
several times greater than that of the for- 
ward stroke—is of course reduced. 

Special Accessories. Automatic controls 
and tracer attachments can be used to im- 
prove planing capabilities. Many planers 
are equipped for full control of speed and 
feed ranges from one suspended station and 
for automatic rail positioning and leveling. 
Tracer attachments permit the contour 
planing of such parts as large propeller 
blades, steam chests, and rocker arms for 
bridge supports. 

Grinding and milling accessories can also 
be mounted in place of one of the rail or side 
heads. At slow feed rates, milling heads 
provide an increased stock removal rate. 
The use of grinding heads during slow feed 
rates can improve surface finish. 

Planing is a rugged cutting operation. and 
setting up the work is probably the most 
important aspect. This is particularly true 
for the tandem planing of small or medium- 
size pieces. Serious damage and operator 
injury can also occur if the workpiece 
moves during planing. 

Clamping Hardware. Setup hardware 
includes planer vises, jackscrews, clamps, 
and T-slot devices. An ample supply of 
setup hardware in a wide variety of types 
and sizes can greatly decrease the time 
required for setting up large and irregularly 
shaped workpieces, thus decreasing down- 
time. Inexpensive and seemingly inconse- 
quential items of hardware can often reduce 
floor-to-floor time. For example, special 
"-slot nuts can be dropped into a 100 mm (4 
in.) long cleared section of the slot at the 
desired location and given a quarter turn, 








ing devices for mounting a large, irregular workpiece on a 





thus eliminating the need to clear chips from 
the entire slot for loading another work- 
piece. 

Cleaning chips from T-slots and stop-pin 
holes consumes operator time and machine 
time. For example, an operator might spend 
40 min planing а workpiece and 30 min 
picking chips from slots and pin holes be- 
fore the next workpiece can be set up. This 
loss of time can be prevented by placing 
specially cut lengths of hardwood strips in 
the T-slots, and metal covers on the stop- 
pin holes, These protective devices can be 
quickly removed to permit loading of the 
next workpiece. 

Magnetic Chucks. Cast iron or steel 
workpieces are often held to planer tables 
with magnetic chucks. Magnetic chucking, 
however, is reliable only for holding work- 
pieces that have a large table-contact area іп 
relation to height. For this reason. holding 
by means of magnetic chucks is generally 
restricted to the planing of platelike work- 
pieces. To ensure against movement ofa 
workpiece held by magnetic chucking, an 
end stop should be placed against it counter 
to the cutting stroke (if double cutting is 
used. an end stop should be at cach end of 
the work). 

Setup Plates. Planing productivity can 
often be increased through the use of setup 
plates. A setup plate resembles a planer 
table in length and width, and it has T-slots 
for mounting the work. In production plan- 
ing. the work is secured to the plate away 
from the planer. and the assembly is then 
carried to the planer table and located on it 
by keys at each end of the setup plate that 
fit into the center T-slot in the table. When 
two setup plates are used, one load can be 
planed while another is being set up—a 
procedure comparable to the use of a du- 
plex table (see below). 

Tandem (Gang) Planing. Specially de- 
signed fixtures that allow quick loading and 
unloading can greatly increase productivity 
in tandem planing. However, the cost of 
such fixtures can rarely be justified, except 





for continued production of identical or 
closed similar workpieces. 

Duplex Tables. Planers with duplex, or 
divided, tables allow planing on one half of 
the table while the other half is being un- 
loaded or reloaded. Duplex tables are split 
crosswise into two sections. The two sec- 
tions can be fastened together and used as 
one long table, or they can be split for 
planing shorter workpieces. When split, one 
section of the table can be loaded and set up 
while work is being planed on the other 
section. This practice greatly increases the 
ivity of a planer, because in many 
tions setup time exceeds machining 





Workpiece Setup 


Once the workpiece is placed on the 
lable, the first step is to ensure that it rests 
solidly, If there is any wobbling, shim jack- 
ing must be used. For large workpieces with 
relatively slender sections, such as some 
weldments, jacks or blocks should be used 
to damp vibrations. A strap or pin clamp 
should be used over each jack or block to 
ensure that the workpiece rests solidly. 

Platelike Workpieces. When magnetic 
chucks are not available or when a platelike 
workpiece does not lend itself to this meth- 
od of mounting, various clamping devices 
are used, Figure 2 illustrates a common 
method of securing a long, flat plate to a 
planer table by using chisel points, T-slot 
stop blocks, stop pins, guide stops for initial 
alignment, and an end stop. Two precau- 
tions must be observed with this method. 
First, the adjusting screws contacting the 
chisel points must not extend beyond the 
stop blocks or stop pins by more than the 
distances suggested in Fig. 2 (one or two 
diameters), or the screws may bend and 
allow the workpiece to loosen. Second, the 
chisel points must be set at an angle of 8 to 
12° (Fig. 2), 

Irregularly Shaped Workpieces. A typi- 
cal method of securing a large. irregular 
casting to a planer table is illustrated in Fig. 
3. This setup uses an angle bracket and an 
outboard support. If double-cutting practice 
were employed, an angle bracket and two 
end stop pins would be used at each end of 
the workpiece. For workpieces of this type 
that are more than 1 or 1.5 m (4 or 5 ft) long. 
the use of two outboard supports and screw 
jacks is recommended. 

Workpieces for tandem planing must 
either be tightly butted together (so that the 
tool cuts continuously for the entire stroke) 
or separated by 150 to 200 mm (6 to 8 in.) 
(for a fully interrupted cut). If the work- 
pieces are separated by only 25 to 50 mm (1 
102 in.), the tool is likely to break, because of 
deflection by chips lodged between the work- 
pieces or because the sudden release of pres- 
sure on the tool shank as the tool emerges 
from the cut will cause a vibration and allow 








the tool to enter the next workpiece before 
becoming fully seated. 

Other Workpieces. Bases for large press- 
es or diesel engines are usually large rough 
castings, forgings, or weldments produced 
one at a time, and planing is often the first 
operation in machining them. Setup of these 
pieces on a planer is extremely critical 
because the planed surfaces will be used as 
a means of locating for subsequent opera- 
tions. 


Tool Materials 


High-speed steels, cast cobalt-chromium- 
tungsten alloys, and carbides are used as 
materials for planer tools. High-speed steels 
and cast alloys are often interchanged. In 
some heavy-duty planing applications, cast 
alloy tools have proved superior to high- 
speed steel tools. However, high-speed 
steel tools are used more often for planing. 

Most planer tools have relatively large 
cross sections because they are made for 
maximum rigidity (note the ty, 1 planer 
tool and mounting shown in Fig. 4), Be- 
cause of the size of these tools, it is com- 
mon practice to make the shank from an 
alloy steel (such as 4140 or 4340) heat 
treated for high strength, then use inserts of 
high-speed steel (brazed or mechanically 
secured). 

High-Speed Steels. General-purpose 
high-speed steels such as ТІ and M2 have 
proved satisfactory for many planer tools or 
cutting edges. However, in applications in- 
volving hard work metals or heavy cuts, the 
cobalt types of high-speed steel, such as T6, 
TIS, M6, or M44, will give better tool life. 
‘These more highly alloyed high-speed steels 
are generally used as inserts. 

Carbides. Under conditions of maximum 
rigidity of machine, tools, and workpiece, 
carbide tools are more efficient than high- 
speed steel or cast alloy tools. Planing time 
is often reduced by 50% or more through 
the use of carbide instead of high-speed 
steel cutting tools, because cutting stroke 
spced can be increased up to 90 m/min (300 
sfm). 

In selecting tool material for planing. 
however, overall time is a more important 
consideration than machining time alone. In 
many applications. setup time is far greater 
than planing time, and under these condi- 
tions, large reductions in planing time have 
a relatively small effect on total processing 
time. 

Before considering the use of carbide 
tools for planing, it must be ensured that the 
planer is rigid and in good condition and 
that it is capable of the high speeds required 
(90 m/min, or 300 sfm). The rail should be 
securely clamped to the housing or column, 
and the head should fit snugly onto the rail. 
The tool box and apron should be free of 
spring and excessive wear to permit the 
apron to seat in its clapper box. The planer 
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Planer too! and method of holding for max- 
imum rigidity 


Fig. 4 


should also be equipped with tool lifters to 
prevent the carbide tools from dragging or 
bouncing on the return stroke. Sufficient 
power must be available; in the rough plan- 
ing of steel with one carbide tool, as much 
as 70 kW (90 hp) is sometimes required. 

A shock-resistant type of carbide must be 
used, regardless of whether it is a straight- 
tungsten grade for planing gray iron or a 
steel-cutting grade. Carbides suitable for 
planing usually contain up to about 16% Co. 

Carbide planer tools should not be con- 
sidered for the following: 


* Workpieces that limit tool runout to 
about 75 mm (3 in.); the higher speeds 
used in carbide planing require a greater 
runout margin 
Workpieces that require the use of a 
longitudinal extension on the tool holder 
for reaching into blind areas (a practice 
known as poke planing) 
Workpieces that require excessive tool 
overhang in a vertical plane: as the tool is 
lowered in the holder, rigidity decreases 
* Weldments in which metal hardness at 
junctions may vary considerably; for this 
condition, high-speed steel tools operated 
at slow speed will generally give better 
results 
ә Planing of metals that are harder than 
about 40 HRC; these must be planed at 
slow speeds, with which the inherent 
advantages of carbide tools cannot be 
realized 





Tool Design 


Recommended design details for the cut- 
ting portions of high-speed steel planer tools 
are shown in Fig. 5. Tools are available in a 
variety of configurations suited to the un- 
dercutting, slotting, and straight planing of 
either horizontal or vertical surfaces. Tools 
having the small nose radii shown in Fig. 5 
arc preferred for roughing cuts; broad (often 
as wide as 38 mm, or 1/2 in.). flat-nose tools 
are better for the finishing of most metals. 

Carbide Roughing Tools. The back rake 
angle for carbide planer tools ranges from 0 









































Recommended designs of high-speed steel 
ploner tools 


to —15°. In general, the more difficult the 
work metal is to machine. the more negative 
is the back rake angle. A 0° back rake is 
used for soft metals; —3 to —5" for cast iron, 
low-carbon steel, and medium-carbon steels; 
and —5 to —15° for difficult-to-machine 
steels (such as 4340 alloy steel at 40 HRC). 
Negative back rake is also sometimes used 
when planing gummy metals because it aids 
chip flow and reduces face wear. 

Side rake angles range from 3 to —157. 
also depending on the machinability of the 
work metal. A side rake angle of 3 to 0° is 
usually suitable for free-cutting metals, 0° 
for medium-carbon steels, —3° for gummy 
metals, and up to — 15° for difficult-to-ma- 
chine steels. Excessive negative rake angles 
should be avoided because they are likely to 
cause chatter. 

Side rake, or the land of the tool, is the 
largest single factor in controlling chip flow. 
The use of optimum side rake eliminates the 
need for chip breakers. This is an advantage 
because mechanical chip breakers are readi- 
ly knocked off by the heavy chip produced 
in planing, and ground-in chip breakers 
weaken the cutting edge of the tool. Chip 
control is aided by grinding the land into a 
triangular shape. This causes the edge of the 
chip at the surface line of the cut to curl 
before the edge of the chip at the tool point, 
thus flowing the chip toward the side of the 
tool and back onto the workpiece. 

The lead, or side cutting edge, angle 
directly controls chip thickness in relation 
to feed. A 45° lead angle will produce a thin 
chip, a 10° lead will produce a thicker chip, 
and a 0° lead will produce a chip equivalent 
in thickness to the feed used. The lead angle 
should be such that the chip produced is 
thick enough to take the initial shock away 
from the cutting edge and yet thin enough to 
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curl properly. In planing low-carbon steel, a 
lead angle less than 15° will cause excessive 
shock, and a lead angle greater than 35° will 
produce a long, straight chip. A lead angle 
of 23 to 25° is near optimum for many 
metals, allowing the chip to flow onto the 
workpiece or against the tool holder and 
break into small segments. However, a lead 
angle of about 30° is most commonly used to 
obtain an acceptable chip thickness in 
roughing. 

Carbide tools require a comparatively 
small nose radius to prevent machining 
stress from focusing at the radial point of 
the radius and rupturing the carbide. A 
small radius permits heat and stress to flow 
straight through the tip, causing less chat- 
ter. A nose radius of 1.6 to 3.2 mm (16 to Vi 
in.) is suitable for cast iron, and a 0.8 mm 
(42 іп.) radius for steel. 

Relief (clearance) angles should vary with 
the type of material being planed. Side and 
end relief angles of 5° are usually suitable 
for cast iron. For the planing of most steels, 
it is advisable to strengthen the cutting tool 
as much as possible by reducing the side 
clearance angle, thus providing a larger area 
of carbide for dissipating heat and absorbing 
shock. 

Figure 6 shows a type of carbide-insert 
tool widely used for the rough planing of 
cast iron and steel. When ground to the 
configuration shown in Fig. 6, the tool is 
best suited for planing cast iron, although 
tools of this design have been successfully 
used on brass and aluminum. For planing 
carbon and alloy steels, the design of the 
tool should be modified in accordance with 
the recommendations discussed above. 

Round or square button-type carbide in- 
serts are also used for rough planing. Be- 
tween regrinds for sharpening, the inserts 
can be rotated to present new cutting edges, 
thus allowing greater total tool life. Squarc 
button inserts can be ground in position. 
Round button inserts 25 mm (1 in.) in diam- 
eter and 13 mm (V^ in.) thick are suitable for 














Typical insert tool for semifinish and finish 


Fig. 7 ше or for slotting 








Gooseneck-holder tool used for light cuts in 
finish planing. Dimensions given in inches 


depths of cut to 9.5 mm (% in.); for greater 
depths of cut, inserts 32 mm (1% in.) in 
diameter and 19 mm (% in.) thick should be 
used. For planing cast iron, 0° back and side 
rakes and a 6° side relief are satisfactory. 
For planing steel, a —5°, 0.8 mm (‘42 in.) 
wide land on the cutting face has proved 
successful. 

Finishing Tools. Figure 7 shows a typical 
broad-nose finishing tool that can also be 
used for slotting. Either a carbide or a 
high-speed steel insert can be used in this 
type of tool. As Fig. 7 shows, the bottom of 
the insert is serrated lengthwise, and the top 
of the insert is serrated across the width. 
This design permits offsetting the insert to 
the left or right as needed and provides a 
rigid lock. The cross serration at the top 
prevents vertical moyement of the insert. 

The insert is held in place mechanically 
by a serrated clamp, which is secured by a 
socket screw. When the cutting edge be- 
comes dull, a new insert can be installed 
without removing the shank from the tool 
holder. 

Gooseneck-holder finishing tools (Fig. 
8) are primarily intended for use on cast 
iron, but have been successfully used for 
the finish planing of other metals. Goose- 
neck tools carry the cutting edge behind 
center so that the cutter is dragged in cut- 
ting. It does not dig in or chatter as readily 
as a cutter that is ahead of center. 

Inserts for gooseneck holders can be 
made of high-speed steel or carbide, but 
greater accuracy is obtained with high- 
speed steel. High-speed steel inserts, which 
are available in widths up to 44 mm (1% in.), 
should be ground with a slight positive back 
rake; cutting edges should be honed with an 
oilstone to obtain maximum sharpness. For 











surfaces that require extreme accuracy (as 
for fitting to template gages), it is possible 
with high-speed steel inserts to take cuts of 
less than 0.025 mm (0.001 in.) on cast iron. 

Carbide inserts, up to 32 mm (1% in.) 
wide, are also used in gooseneck holders for 
producing flat cuts. Edges of carbide inserts 
are not as keen as those of high-speed steel 
inserts; therefore, carbide inserts should 
not be used for depths of cut less than 0.05 
mm (0.002 in.). 

Double-Cutting Tools. Double-cut plan- 
ing uses both strokes of the planer table for 
cutting and requires special tool holders 
mounted to a spindle in the planer head 
(Fig. 9). This spindle oscillates 13° clock- 
wise and places a tool in cutting position for 
the normal cutting stroke. At the comple- 
tion of the normal cutting stroke, the spin- 
dle oscillates 13° counterclockwise and po- 
sitions a second tool for cutting on the 
return stroke of the planer table. In addi- 
tion, a conventional finishing tool can be 
mounted in the clapper box of the head to 
semifinish a workpiece simultaneously with 
the roughing cut. This technique is known 
as triple planing. 


Speed, Feed, 
and Depth of Cut 


Table | lists recommended speeds and 
feeds for various depths of cut in the rough 
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Fig. 9 Tool for double-cut ploning 


and finish planing of several different metals 
with high-speed steel or carbide tools. The 
values given in Table | are not maximum, 
but are typical values that have proved 
consistent with optimum tool life and effi- 
ciency of metal removal. 

Minor variables in work metal, tool de- 
sign, or machine conditions often indicate 
the need for adjustments in speed. feed, or 
both. On new jobs, it is often necessary to 
inspect the tool after a few passes for the 
following conditions: 









* Edge wear, which indicates too much 
speed or not enough feed 
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ә Face wear, which indicates too much 
feed or not enough speed 

© Redness at the tool point, which may occur 
in extreme cases of interrupted cutting and 
which should be kept to a minimum by 
adjusting speed, feed, or both 


In general, it is advisable to plane steel 
with as heavy a feed and as high a speed as 
possible, because this promotes good chip 
flow without the aid of mechanical or 
ground-in chip breakers. A heavy chip will 
curl and break into small segments better 
than a thin chip. Increased cutting speed 
maximizes heating of the chip and is the 
best means to prevent overheating of the 
workpiece and the tool. Using carbide 
tools, thin plates have been more success- 
fully planed by increasing the cutting speed 
from 70 to 90 m/min (225 to 300 sfm), thus 
transmitting more heat to the chips. 

Uniform cutting speed and feed should be 
maintained throughout the entire stroke of 
the planer. It is not necessary to start the 
cut with a slow speed and a low feed, nor is 
it advantageous to preheat the tool before 
beginning a cut. 

When carbide tools are used for planing 
medium grades of gray iron (~200 HB), 
common practice is to operate at 46 to 53 m/ 
min (150 to 175 sfm) and 2.0 to 2.4 mm (Ys 
to ¥2 in.) feed per stroke with a 13 to 19 тт 
(V5 to Ya in.) depth of cut, By decreasing the 











f Table 1 Recommended speeds and feeds for planing with high-speed steel or carbide tools 



































! Depth of cut: 3.2 mm (Y in.) Depth of cul: 6.4 mm (Va in Depth of cui: 13 mm (V in.) Depth of ємї: 25 mm (1 in.) 
Hurdness, Speed, mimin Feed, mm tin.) Speed, m/min Feed, mm ( Speed, mimin Feed, mm (in. Speed, mimin Feed, mm (in) Finishing speediu), 
] Work metal HB istm) per stroke (sim) per stroke т) per stroke. (sm) per stroke m/min (smi 
uu High-speed steel tools 
| Cast iron. 230 15 15 n ал-1.5 n 0.8-1.1 n 
Ñ (50) (50) (40) (0.о45-0 (00) (35) 10.030-0.045) (40) 
Cast iron ~. E 2! 18 15 14-L5 12 14-15 18 
(70) 40.090-0.125) (60) (80) 10.045-0,060) (40) (0.045-4),060) (60) 
| Steel... 270 u 15-23 9 76 MRE 6 1.1-1.5 6 
д as 40.060-1.090) 0) 25) (0,045-0.060) 20) 40.045-0.060) 20) 
E Steel, 200 п 3- п 9 15-23 8 1.1-1.5 9 
, (3%) a5 30) (0.060-0.00) es 40.045-0.060) 0) 
H Steel... eee 120 18 15 12 15-23 9 11-15 15 
118 (60) (50) 140) 0.060-0.090) 0) (0.045-0,060) (50) 
Г Bronze sees Hard 18 18 15 2. n 15-23 1K 
À (60) (60) 150) 40.090-0.125) (40) (0.060-0.090) (60) 
ч Вгопге.......... Soft 45 35 30 32-40 30 23-32 45 
| 1 (140) (120) (0.125-0.156) (100) 40.125-0.156) (100) 40.090-4.125) (140) 
f Carbide tools 
| Cast iron 20 6 23-32 60 19-23 в 15-19 60 14-15 55 
|? (200) (0.090-0.125) (200) 40.075-0.090) (200) 40.060-0.075) (200, (0.045-01.060) «тво 
|" Cast iron ~ 175 9 2.5-3.2 90 2325 90 192. 15-19 65 
300) (0.100-0.125) (300) (300) 40.075-0.090) (300) (0.060-0.075) (220) 
Steel... ee 270 75 15-19 75 75 11-15 75 
(250) 40.060-0.075) 0250) (250) 40.045-0.060) (250) 
Steel.. ‚20% max 23 тах 1.5-1.9 90 1.5-1.9 9) 
| 40.060-1.090) 40.060-0.075) (300) 40.060-0.075) (300) 
Steel... 130 max 1.5-2.3 max 15-23 max 15-23 
(0.060-0.090) (0.060-0.090) 40.060-0.090) (300) 
Bronze г Hard max 23-32 тах 23-5 тах 23-25 1523 max 
40.090-0.125) 40.090-.125) 40.090-0. 100) 10.060-0.090) 
Bronze... Soft max 2.3-3.8 max 2.33.2 max 23-32 тах 2.3-2.5 max 
40.090-4. 150) 40.090-9.125) 40.090-4.125) 10.090-9. 100) 


fera depth of et ranging rom 0.08-0 38 mm (0003-0 015 in) E 


оп the nose radius and on the finish desired. 


ishing feeds at these speeds depend on the type of 1001 used. Flat-nose tools are used for cast iron and bronze ut feeds of 13-25 min 


(4-1 tn.) per stroke: variations of flit-nose tools arc used for steel at feeds of 3.2-13 mm (М-Л in.) per stroke. Round-nosc tools are sometimes used at feeds of 1-1-1-5 mm (0.04541 060 im) depending 
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depth of cut to 9.5 mm (У in.), speed can 
safely be increased to 55 to 60 m/min (180 to 
200 sfm), and feed can be increased to 2.4 to 
3.2 mm (Уз to V& in.) per stroke. 

Low-carbon steel can be planed at higher 
speed than gray iron with carbide tools; 90 
m/min (300 sfm) and a feed of 2.4 to 3.2 mm 
(Уо to V& in.) per stroke with 9.5 mm ( in.) 
depth of cut is common practice. Medium- 
carbon low-alloy steel such as annealed 
4130 can be planed at 53 to 60 m/min (175 to 
200 sfm), 2.0 mm (5& in.) feed, and 9.5 mm. 
CA% in.) depth of cut. For higher-carbon 
higher-alloy steels such as 4350, common 
practice is 30 to 45 m/min (100 to 150 sfm) 
at 1.2 to 1.6 mm (Уба to Vis in.) feed and 9.5 
mm (Ук in.) depth of cut, Die blocks at about 
36 HRC have been planed with carbide 
tools at 30 m/min (100 sfm), 1.2 mm (Уы in.) 
feed per stroke, and 13 mm (‘4 in.) depth of 
cut. Heat-treated die blocks at 46 HRC have 
been planed with carbide at 4.5 to 6.0 m/min 
(15 to 20 sfm). 0.8 mm ("z in.) feed per 
stroke, and 6.4 mm (JA in.) depth of cut. 

A carbide tool may break because of side 
pressure as it makes the last one or two 
passes on a workpiece. To minimize this 
possibility, on cuts of more than 6.4 mm (74 
in.) depth it is advisable to reduce the feed 
to about | mm (Уыз or Vie in.) and to de- 
crease the speed by 50% for four or five 
strokes before the tool emerges from a cut. 
‘This will often prevent the breakage caused 
by pressure on the side clearance portion of 
the tool from the elastic behavior of the 
work metal. That is. too much feed will 
deflect the thin flange or remaining portion 
of the work at the cutting edge of the tool. 
thus preventing the tool from removing the 
full amount of metal for which the feed is 
set. As the tool continues through the 
stroke, the metal flange. with the deflected 
amount of stock still intact, will spring back 
to its normal position and rub against the 
side clearance edge of the tool on the return 
stroke, thus generating heat by friction. 
Even if this does not cause immediate tool 
failure, breakout of the steel may be caused 
when the tool. under automatic feed. over- 
takes the deflected metal and plows through 
an oversize flange equivalent to a double or 
triple feed. This will set up intense chatter 
and cause the tool to chip. 








Special Applications 


Planing is primarily used for removing 
metal in a straight line from tlat surfaces. 
However, a variety of contour operations 
can be accomplished by template control 
(Fig. 10). An example of contouring by 
planing is the cutting of helical grooves in 
large rolls. For this operation, the roll is 
set up longitudinally on the planer table 
with special holding fixtures that include a 
drive mechanism to rotate the roll at à 
predetermined speed as it advances into 














Fig. 10 Contour planing with o template 


the fixed cutting tool, thus cutting a helical 
groove. 


Planing Versus 
Alternative Processes 


Broaching or even sawing can be used as 
an alternative to planing, but milling and 
grinding are most often the competitive 
processes. The selection of planing in pref- 
erence to an alternative process is usually 
based on the following considerations: 


* The initial cost of a planer is about half 
that of a planer-type milling machine for 
performing the same job 

* Because of the lower initial cost of the 

planer, the burden rate is lower, regard- 

less of whether the machine is used part 
time or full time 

Certain shapes, such as dovetails and 

V-sections. are particularly suited to 

planing 

For some parts, such as large machine tool 

components, the dimensional accuracy re- 

quired is obtainable only by planing 

Planing is preferred for bearing surfaces 

that must be finished by scraping because 

the surface condition that results is more 
suitable than that produced by milling 

Because of its versatility, low tooling 

cost. and short tooling-up time, planing is 

more economical for low production 














Planing Versus Sawing. In some appli- 
cations. planing and band sawing are com- 
petitive operations. The following describes 
an application in which either planing or 
band sawing could have been used to obtain 
acceptable results, but planing was used 
because it was less expensive. 

Example 1: Planing Versus Gas Cutting 
Versus Band Sawing for Slitting Steel 
Plate. Figure 11 shows the setup of a planer 
for slitting 9.5 mm (% in.) alloy steel plates 
that were 925 mm (36/4 in.) wide by 1.8 m (6 
ft) long into three 300 mm (12 in.) wide 
strips. Strips were originally produced by 
band sawing, but this method was slow and 
costly. Gas cutting had been tried. but was 
rejected because an additional finishing op- 
eration was needed to smooth the cut edges. 
As indicated in the table with Fig. |l. 


4130 steel 





Table 





" Slitting steel plate by planing ond com- 
Fig. 11 paring with band saving. Оита git 
en in inches 


planing produced the strips in less time than 
band sawing. 

Planing Versus Milling. Compared with 
milling on the basis of volume of metal 
removed per unit of time, planing is rela- 
tively inefficient: metal can be removed 
about twice as fast by milling as by the most 
efficient planing method (double-cut), How- 
ever. the longer setup time required for 
milling and the more expensive equipment 
and tooling (for one job, tooling for milling 
costs fifty times as much as tooling for 
planing) can be justified only when large 
quantities of similar parts are to be pro- 
duced. For extremely large workpieces, 
production is usually low; therefore, plan- 
ing is the less costly method. 

Planing is often the most prac 
proach for machining several surfaces to a 
given absolute level. as in constructing jig- 
ame components or machining larg 
regular workpieces. Por sach applications, 
milling would seldom be tical, mainly 
because only unit production is involved. 














Cutting Fluids 


A flood of cutting fluid is seldom used for 
planing operations because two of the three 
functions of cutting fluid (chip disposal and 
cooling) are less important in planing than in 
operations such as turning. In most planing 
operations, chips are relatively thick and 
are thrown clear. Therefore, they seldom 
interfere with successive cutting strokes. 
As chips begin to pile up on the table or 
fixtures they should be brushed away. The 
use of compressed air is not recommended, 
because chips are likely to lodge in the 
mechanism. 

In planing, the tool is seldom engaged 
more than 75% of the time. Therefore, 
cooling of tools and workpieces usually 
presents no problem. In some planing oper- 
ations. however, cutting fluids will improve 
dimensional accuracy. finish, and tool life 
by minimizing the adherence of work metal 
to the tool. When cutting fluids are used, a 
common practice is to apply the fluid direct- 
ly to the cutting area with a swab. A spray 
mist of cutting oil diluted with a lower- 
viscosity oil such as mineral seal oil is 
sometimes effective. A film of oil mist aids 
the cutting action and has a mild cooling 
effect on the tools in planing operations, 




















Shaping and Slotting 


SHAPING AND SLOTTING are ma- 
chining processes that remove metal from 
surfaces through the use of a single-point 
tool supported by a ram that reciprocates 
the tool in a linear motion against the work- 
piece. Shaping can be done on machines 
with either vertical or horizontal rams, 
while slotting is commonly done on ma- 
chines with vertical rams. 


Process Capabilities 


Shaping and slotting, although versatile 
processes with short setup times and cela- 
tively inexpensive tools, are comparatively 
inefficient means of metal removal. The 
cost per cubic inch of metal removed by 
shaping or slotting may be as much as five 
times that for removal by milling or broach- 
ing in a given job. For this reason, shaping 
and slotting are generally confined to unit or 
small-quantity production, as in toolrooms 
or model shops. 

As the hardness of the workpiece in- 
creases above about 25 HRC, metal remov- 
al rate and tool life decrease. On the other 
hand, when the occasion demands, pieces 
much harder than this can be cut on a 
shaper. Steel hardened to 46 HRC, or even 
higher (heat-treated die blocks, for exam- 
ple), has been successfully machined by 
shaping and slotting. 

Size of the workpiece that can be shaped 
or slotted is limited by the maximum length 
of stroke, which for standard shapers or 
slotters is about 915 mm (36 in.). When 
surfaces longer than 915 mm (36 in.) must 
be machined, planing or some other suitable 
process is used. 

The usual range of cutting stroke is even 
less—from 150 to 610 mm (6 to 24 in.). 
Although machines with longer strokes 
could be built, they would be impractical for 
most purposes because dimensional accura- 
cy decreases as stroke length increases. On 
even the best-maintained shapers, deviation 
from dimensional accuracy is about 0.04 
mm/m (0.0005 in./ft) of ram travel. 

Configuration of Workpiece. Although 
shaping is most commonly used for machin- 
ing flat surfaces, the process can also be 
used to produce contours and a variety of 
irregular configurations. Shaping is some- 
times used to machine contours because 
production quantities are too low to justify 
the expense of the tooling required for 
producing the same configurations by mill- 

















































































































Fig. sectional view of a crank-driven horizontal shaper 


ing or broaching. In addition, some com- 
plex configurations are machined on a 
shaper because they would be difficult or 
impossible to produce by milling or 
broaching—for example, deep internal 
slots and tortuous contours and configura- 
tions in blind holes. 

Because of its versatility and short setup 
time, shaping is often used for the emergen- 
cy production of gears, splined shafts. 
racks, or similar parts. It is often possible to 
produce one or two such parts in a shaper in 
less time than is required merely to set up 
for production on other. alternative equip- 
ment with a higher output rate. 


Shaping and slotting machines develop 
cutting action from a straight-line recipro- 
cating motion between the tool and the 
work. The tool is driven forward and recov- 
ered by a sliding ram. The work is fed at 
right angles to the direction of the ram 


stroke in small increments. Most shapers 
have rams that drive the cutting tool in a 
horizontal direction, but a few shupers have 
rams that drive the cutting tool in a vertical 
direction, Slotters also operate in a vertical 
direction. In either type of shaper, the 
workpiece rests on a flat bed, which ad- 
vances it toward the cutting tool. 

Horizontal shapers can either be crank 
driven or operated hydraulically. A hydrau- 
lic shaper uses a piston and cylinder to 
operate the ram. However, because of the 
higher cost of a hydraulic unit, the compar- 
atively low efficiency of the hydraulic drive, 
and the difficulty in obtaining stroke length 
accuracy with hydraulic shapers, most hor- 
izontal shapers are crank driven. 

Figure | shows a sectional view of a 
crank-driven horizontal shaper and identi- 
fies its important working components. The 
rocker arm is reciprocated by a crankpin 
mounted on the crank gear. The crank 
mechanism is an application of a Whitworth 
quick-return mechanism. 
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Velocity diagram and rocker-arm cycle for o 
cronk-driven horizontal shaper. See text for 


Fig. 2 


discussion. 


For increased efficiency, shapers are 
built so that the ram speed in the return 
stroke is greater than that in the forward, or 
cutting, stroke. This accomplished as 
indicated in the rocker-arm cycle illustrated 
in Fig. 2. As shown in Fig. 2, 220° of the 
circle is used for the cutting stroke and only 
140* for the return stroke—a ratio of ap- 
proximately 1.6 to 1. This ratio between 
forward and return strokes is not a fixed 
io; it varies among different designs of 
machines and with the length of the stroke. 

Horizontal shapers are furnished with ei- 
ther plain or universal tables. The universal 
table, in conjunction with a swivel vise, 
provides rotation on all three axes. Gradu- 
ations on all three movements allow angular 
setups to be made quickly. 

Horizontal shapers range in size from 
small bench models with a maximum stroke 
length of less than 150 mm (6 in.) to large, 
rugged machines with a maximum stroke of 
as much as 915 mm (36 in.). On a machine of 
any size, however, the length of stroke can 
be varied from its maximum to slightly less 
than 25 mm (1 in.) for the largest machine 
and to about 3.2 mm (%4 in.) for the smallest. 

Horizontal shapers are commonly provid- 
ed with powered table feeds ranging from 
about 0.25 mm (0.010 in.) per stroke (for a 
machine with a 150 mm, or 6 in., maximum 
stroke) to 5.00 mm (0.200 in.) per stroke (for 
a machine with a 915 mm, or 36 in., maxi 
mum stroke). Over the same range of ma- 
chine sizes, vertical power feeds on the tool 
head will range from about 0.125 to 2.50 mm 
(0.005 to 0.100 in.) per stroke. 

Slotters and vertical shapers are very 
similar and are also much like the horizontal 
shaper except that the ram operates verti- 
cally, rather than horizontally, cutting on 
the downstroke. The slotter, as the name 
implies, was first developed for cutting slots 














or keyways. The vertical shaper, usually a 
much smaller version of the slotler, was 
developed for toolroom work. Slotters can 
have ram strokes up to 1800 mm (72 in.) 
long. Most vertical shapers have strokes of 
150 to 300 mm (6 to 12 in.). In these vertical 
machines, because the ram must be pulled 
against the force of gravity on its upward 
stroke, a counterweight is added to equalize 
the power requirements on the up and down 
strokes and to enable a smoother action of 
the machine. 

Most vertical shapers have a means of 
adjusting the ram and its guides so that it 
can be set at an angle as great as 15° to the 
vertical. This permits the cutting of proper 
clearances in dies and similar work. Many 
slotters also have this ram adjustability. 

Tables on vertical machines can be rotated 
and can be moved longitudinally or trans- 
versely. With this degree of flexibility in di- 
rection of feed, a vertical machine can cut 
almost any type of groove, slot, or keyway. 

Vertical shaping machines have longitu- 
dinal and transverse power feeds ranging 
from about 0.05 to 2.50 mm (0.002 to 0.100 
in.) per stroke for short-stroke machines 
and up to 3.80 mm (0.150 in.) per stroke for 
a 915 mm (36 in.) stroke machine. Rotary 
feeds usually range from 0.10 to 4.45 mm 
10.004 to 0.175 in.) on a 500 mm (20 in.) 
circle. 

The ram speeds of most shapers can be 
adjusted to provide incremental increases in 
surface speeds from about 1.5 to 90 m/min 
(5 to 300 sfm). Speeds are changed by 
positioning the range and speed levers. Typ- 
ical shapers have four speeds available in 
cach of four ranges; this permits adjustment 
in order to obtain 16 different speeds within 
the total speed range of a given machine. 
Cutting speed in meters per minute is à 
function of both length of stroke and the 
number of strokes per minute. This relation- 
ship is shown quantitatively in Table 1. 

Tools. Although most shaping is done 
with only one single-point tool, there are 
notable exceptions. For example, form 
tools are often used in slotters or shapers 
for machining two or more surfaces simul- 
taneously or for machining conjugate sur- 
faces (such as machining a spur gear with a 
tool in the form of a gear lock). In other 
applications, as in cutting closely spaced 
parallel grooves, a conventional box tool 
holder is mounted on the tool head, and two 
or three cutting tools are secured in the 
holder so that more than one cut can be 
made simultaneously. 

Automatic Controls. Because shapers 
are seldom used for volume production, the 
degree of automation with which they are 
provided is generally less than that for other 
types of machines. On the simplest type of 
shaper, the operator first sets controls for 
depth of cut, ram speed, and stroke length 
and then feeds the work sideways into the 
tool by turning a handle that has a graduated 








dial. The work is then advanced into the 
tool at the end of each return stroke. Most 
shapers, however, are equipped with power 
feeds. Therefore, a more common practice 
is to preset the controls for the desired feed 
per stroke. When the cut is finished, the 
operator stops the machine, returns the 
table to its starting position, resets the 
downfeed, and starts another cycle. 

The degree of automation and process 
efficiency of shapers can be progressively 
increased by the addition of: 





* Power downfeed, operated either with or 
independently of the table feed 

* Various stops that control the end of a 
desired cycle 

* Complete controls that allow recycling 
according to a preestablished program 

* Automatic indexing devices for cutting 
slots or grooves according to an estab- 
lished spacing 

* Automatic duplicating equipment that 
guides the cutting tools by means of tem- 
plates for shaping contours 


Workhciding Devices 


Shaper tables are usually provided with 
standard T-slots, which permit the direct 
mounting of some workpieces by means of 
bolts, blocks, and clamp plates (Fig. 3a). 
However, most workpieces are placed in 
vises. which are secured to the table by 
T-bolt mounting. It is usually preferred that 
the direction of clamping in the vise be at 
right angles to the direction of tool travel. 
Clamping must be tight. If there is danger of 
marring the workpiece surfaces by clamp- 
ing. shims made of soft metal (or, for more 
positive gripping, shims made of emery 
paper) can be used. 

For workpieces that are too thin to be 
held firmly in a standard vise, a special 
clamping device with toe dogs and a stop 
can be used (Fig. 3b). In this arrangement, 
clamping forces are parallel with tool travel, 
and the stop prevents the workpiece from 
being forced out of the vise. Outboard sup- 
port by jacks is often utilized for obtaining 
rigidity in the shaping of irregular configu- 
rations such as angles (Fig. 3c). 

In contouring and slotting operations, 
rugged vises (Fig. 3d) often must be used 
because workpieces are usually of irregular 
shape and because cutting forces are likely 
to vary during the operation. If special 
indexing fixtures are used, they must be 
designed for maximum rigidity. 








Tool Heads 


The principal components of a shaper 
tool-head assembly are illustrated in Fig. 4. 
The clapper box holds the tool rigidly on the 
forward (cutting) stroke and allows it free- 
dom to tilt upward on the return stroke after 
force is removed from the tool face. There- 
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Table 1 Surface speeds in shaping as related to frequency and length of stroke 
Surface speeds given in m/min (sfm) 
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в 21 24 30 37 43 49 55 61 64 70 76 82 91 4 113 122 1.1 14 149 
C) чю 00 (12 (14) (6 (18) (20) QD C3 G5) (27) o G4) (37) (40) (43) (46) (49) 
n 21 30 40 49 58 67 76 85 94 Юл I| 1L9 128 --- 143 15.8 17.4 18.6 20.1 213 22.6 
l (7) (10) (13) (16) 09 (22) (25) (2%) (31) G3 (36) (39) (42) am (52) (57) (61) (66) (70) (74) 
| n 27 40 $2 64 76 ВЕ 10.1 113 12.5 137 14.6 158 171 18.6 210 23.5 253 274 29 W8 
| 6) (13) (17) QD GS (29) G3 (37) (41) (45) (48) (52 (56) (60) (77) (3) (9) (95) (101) 
| 4l -40 61 79 98 11.6 13.4 152 17.1 18.9 20.7 223 24.1 25.5 -++ 28.7 + 3S4 38.1 411 439 463 
из (20) (26) (32) (38) (44) (50) (56) (62) (68) (73) (79) (84) (94) 4115) (125) (135) (144) (152) 
9 $8 &S U3 14 168 195 223 25 274 299 323 M. 372 41 354 rom nt 
(19) (28) (37) (46) (55) (64) (73) (82) (90) (98) (106) (114) (122) (038) (116) 
| 87 85 125 165 W4 244 2 323 163 40.2 43.9 47.5 512 ` e 
QN) (4D (54) (67) (80) (95) (106) (119) (132) (144) (156) (168) 
19 1.9 17,4 229 28.3 338 393 448 W3 --- --- --- --- 
9) (57) (75) (93) CITT) (129) (147) (165) 

Г — 900 mm (36 in.) heavy-duty shaper 1 

[ - 800 mm (32 in.) heavy-duty shaper | 
8 15 24 3.0 37 43 49 55 61 70 76 82 88 94 101 107 116 119 

(9 ri (10) ua a^ (6) (18) 20) оз) (25) 27) 09 Gn G3 G$ (37) (39) 
D i 24 c 34 43 5.5 61 73 82 9л 10.1 107 113 119 125 13.1 137 14.6 152 
(9 m on И] ив) Q0) (2a) en 30) (33) (G5) (37) (39) (41) (43) (45) (48) (50) 
" 18 34 49 64 19 94 п 12.2 134 14,6 15.8 17.1 183 19.5 20.7 21.6 22.9 23.8 
(6) an (16) ор (26) au (36) (40) (44) (48) (52) (56) (60) (64) (68) (71) CS) CB) 
n 24 46 67 RR n na 149 --- 168 186 204 21.9 23.5 25 26.5 28 29.3 308 32.0 
(8) as 22) (29) (36) a (49) (55) (61) (67) (72) (77) (8» (ВТ) (92) (96) (10) (105) 
3 37 70 104 13:7 16.8 198 .-- 226 253 28 308 335 36 381 40.5 42.7 448 466 48.5 
an 23) [2] (45) (55) (65) (74) (83) (92) (101) (110) (118) (125) (133) (140) (147) (153) (159) 
50 52 9.8 146 - 19,5 s 238 --- 28 >-- 323 e 425 399... 442 479 512-5 + с : 
an an (48) (64) (78) (92) (106) ai aan (045) (157) (168) 
n 16 14.9 21.9 29 354 e 488 e 475 eo - ee 
es (491 en (95) aie (136) (156) 
102 10.1 19.8 29.6 393 P ELLO eA 
e» (65) en (129) (160) 
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fore, on the return stroke, only the weight 
of the tool bears on the work, which mini- 
mizes marring of the surface. 

Another means of preventing the tool 
from marring the workpiece surface on the 
return stroke consists of keeping the tool in 
à vertical position and setting the clapper 
box at an angle away from the direction of 
feed. With this arrangement (at right, Fig. 
4), the tool will swing away from the work 
during the return stroke. 

For applications in which surface finish is 
so critical that tool drag against the work is 
unacceptable, devices are available that 
positively lift the tool clear of the work on 
the return stroke. Automatic tool lifters are 
always recommended when carbide cutting 
tools are used. 





Tool Material and Design 


Cutting tools used for shaping can be 
made of high-speed steel or carbide. 

High-speed steel tools are used for most 
shaping, mainly because: 


ө Shaping generally is not a high-produc- 
tion operation; therefore, the cutting 
speeds at which carbide functions best 
are not needed 

Shaping is an interrupted-cutting opera- 
tion in which the cutting tool is subjected 
to impact forces at the beginning of each 
stroke. Therefore, carbide is susceptible 
to chipping in this operation 


General-purpose types of high-speed 
steel. such as M2 or TI, are satisfactory for 
most applications. For work made of highly 
abrasive materials (such as high-alloy tool 
steels or refractory metals) or for work of 
high hardness (more than about 35 HRC), 
one of the highly alloyed types of high- 
speed steel, such as M6, M36, or TIS, will 
result in longer tool life and usually in lower 
cost per unit volume of metal removed. 

Carbide tools, of cither the brazed or 
disposable-insert type, are used mainly: 
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Four working methods used in shaping. (a) Standard T-slot with bolts, blocks, and clamp plates. (b) Toe 
dogs for thin workpieces. (c) Outboard support with jacks for irregular 


. (d) Vise 


* In applications in which maximum cut- 
ting speeds are being used and carbide 
has previously been satisfactory 

ө For making finishing cuts on workpieces 
such as die blocks (because carbide tools 
will result in better surface finish) 

е For shaping difficult-to-machine metals, 
such as heat-resistant alloys 


For any shaping operation in which car- 
bide tools are used, two recommendations 
should be followed. The first recommenda- 
tion is to use a shock-resistant grade of 
carbide, and the second is to use an auto- 
matic tool lifter on the machine to prevent 
the tool from dragging on the workpiece 
during the return stroke. 

Design. Recommended designs of high- 
speed steel tools for use on steel and cast 
iron in a variety of shaping operations are 
shown in Fig. 5. Figure 6 shows the details 
of a carbide-tipped tool for use on heat- 
resistant alloys. 

The use of lathe (single-point turning) 
tools for shaping is not recommended, be- 
cause the angles used on lathe tools cause 
deflection and digging in, ultimately result- 
ing in chatter and dimensional inaccuracy. 
The grinding of shaper tools to a large nose 
radius is another common error. Tools hav- 
ing a nose radius of 0.8 to 1.6 mm (‘42 to Vie 
in.) usually perform best in shapers. 


Ram Stroke and Clearance 


It is common practice to set the ram stroke 
for a distance 16 mm ($ in.) greater than the 
actual length of cut to be made, allowing 
about 13 mm (% in.) of this excess as clear- 
ance at the start of the stroke and 3.2 mm (4 
in.) at the end. However, allowing more than 
13 mm (%4 in.) of clearance at the beginning of 
the stroke sometimes proves advantageous, 
as in the application described below. 

Example 1: Increase in Ram Stroke 
Clearance for Improved Tool Life. A ver- 
tical shaper was used to cut ten grooves 6.4 
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Details of а carbide-tipped tool for shaping 
heat-resistant alloys. Dimension given in 


Table 2 Typical speeds used in shaping 














П : es Р 1 

1 Roughing 1 [ Finishing. 1 
Work metal nin m m stm 
Aluminum ...... cae 45 150 e 200 
Brass and bronze ....... saisis vi 9 150 60 200 
Gray iron... € -18 60 12 and 30 (40 and 100%а) 
Low-carbon steel Ў IPERE = 50 10 апд 25 (35 апа 80Ka) 
Tool steel...... p $ v». AE 40 18 в 
Heat-resistant alloys ....... vds 3-5 10-15 6-9 20-30 


(à) Lower speed is used for bróud-nose finishing tools and higher speed for conventional or radius-nose tools. 





Table 3 Typical feeds, depths of cut, and metal removal rates for 


shaping steel and gray iron 


Dato are based on use of о 340 mm (131% in.) stroke on o 3.7 kW (5 hp) shaper having a maximum stroke 


length of 400 mm (16 in.). 














r Depth of cut. 1 Г Removal rute 1 
Feed mm (in.) per stroke тт in. mar! х Мба in. "inim 
1045 steel (annealed) 
At 21 cutting strokes/min (~13 m/min, or 44 sfm): 
1.6 (0.062) . 4.75 0.187 5.4 33 
1.9 (0.079) 475 0.187 6,6 40 
1300050) .... "cl a 635 0.250 57 xS 
At 15 cutting strokes/min (~9.8 m/min, or 32 sfm): 
1.9 6.075) 635 0.250 62 38 
Gray iron 
At 30 cutting strokes/min (~20 m/min, or 65 sim? 
094 (0.037) .... Sed pala 12.7 0.500 123 15 
1.27 (0.050)... 12.7 0.500 16.4 10.0 
0.64 (0025) .. 19.1 0.750 125 76 
094 (0.037) .. 19.1 0.750 18.5 па 





mm (JA in.) wide, 4.8 mm (Ув in.) deep. and 
38 mm (1% in.) long on the outer periphery 
of a cylindrical workpiece made of D2 tool 
steel at 270 HB (a difficult-to-machine met- 
al). Originally, the machine was adjusted for 
6,4 mm (М in.) clearance at the beginning of 
the ram stroke. The service life of the 
high-speed steel cutting tools used was 
poor; resharpening was often required be- 
fore one piece (ten grooves) could be com- 
pleted, Varying the speed from 12 to 3 m/ 
min (40 to 10 sfm) and varying the depth of 
cut from 0.635 to 0.125 mm (0.025 to 0.005 
in.) per stroke resulted in negligible im- 
provement. 

‘The problem was solved by increasing the 
clearance at the beginning of the stroke to 
19 mm (% in.). With this change, one tool 
cut an average of ten pieces (100 grooves) 
before requiring resharpening. The tool life 
improved largely because the increased 
clearance gave the tool a running start so 
that it did not hesitate at the instant it 
contacted the work. However, the greater 
time allowed for the tool to cool also con- 
tributed, because no cutting fluid was used. 

Clearance between ram and workpiece 
(Fig. 4) should be kept to a minimum, not 
exceeding 50 mm (2 in.) whenever practic- 
able. As the clearance between the front of 
the ram and the workpiece is increased, 
cutting action must be obtained either by 
lowering the tool post or by lengthening the 
cutting tool. In either case, rigidity is de- 
creased as the distance increases, and chat- 








ter will occur, causing loss of accuracy and 
finish and a probable decrease in tool life. 


Speed, Feed, 
and Depth of Cut 


Typical ram speeds used in rough and 
finish shaping are given in Table 2. As these 
data indicate, speeds are closely related to 
workpiece composition, microstructure, 
and hardness, increasing or decreasing with 
the machinability of the work metal. 

Feed per stroke in shaping is also influ- 
enced by the composition, microstructure, 
and hardness of the work metal. However, 
ram speed, depth of cut, and required di- 
mensional accuracy and finish also affect 
choice of feed. 

Typical feed rates for shaping annealed 
carbon steel and gray iron are given in Table 
3. These feed rates typify those used for 
roughing to remove metal as fast as possi- 
ble; the metal removal rates given in Table 3 
are relatively high. 

Common practice in shaping is to make 
roughing (hogging) cuts at maximum feed 
but at slow speed and then to reverse this 
procedure for finishing cuts, Sometimes it is 
not practical to increase the speed for fin- 
ishing, but lighter feeds are almost always 
used. 

For almost all shaping operations, regard- 
less of other conditions, there is a practical 
minimum feed rate. Feed rates that are too 
light do not allow the average tool to bite 
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sufficiently and will result in chatter. Feed 
rates less than 0.125 mm (0.005 in.) per 
stroke are seldom recommended. 

Depth of cut is usually not less than 
about 0.38 mm (0.015 in.). Shallower cuts. 
like extremely light feeds, do not allow 
sufficient tool bite and result in chatter and 
glazing. The selection of depth of cut above 
this minimum is influenced by the follow- 
ing, singly or in combination: 





* Composition, microstructure, and hard- 
ness of the workpiece metal 

© Amount of metal to be removed 

* Workpiece size 

* Workpiece configuration 

* Rigidity of the setup 

e Available power 


The workpiece configuration is often a 
factor that affects the allowable depth of 
cut. For example, a depth of cut as gi 
25 mm (1 in.) is often used for mac! 
solid piece. For machining an intricately 
shaped workpiece, however, the maximum 
allowable depth of cut may be less than 3.2 
mm (Ж in.) because the forces for deeper 
cuts would deform the workpiece. 

The rigidity of the setup and the allowable 
depth of cut are directly related. Under 
conditions of insufficient rigidity. depth of 
cut must be reduced to avoid chatter. 
Depths of cut used at various speeds and 
feeds in shaping several metals are given in 
Tables 3 to 5. 





Cutting Fluids 


A flood of cutting fluid is seldom used for 
shaping operations, because two of the 
three functions of cutting fluids (chip dis- 
posal and cooling) are not needed. In most 
operations, chips are thrown forward and 
seldom interfere with successive cutting 
strokes. (As chips begin to pile up on the 
table or fixtures. however, they should be 
brushed away by the operator. The use of 
compressed air for removal of chips is not 
recommended, because chips are likely to 
lodge in the shaper mechanism.) Because 
the rate of metal removal in shaping is 
relatively low and the tool is seldom en- 
gaged in cutting more than about 60% of the 
time, cooling of tools and workpieces usu- 
ally presents no problem. 

In many applications, however, the use of 
cutting fluids will result in improved dimen- 
sional accuracy, finish, and tool life by 
minimizing the adherence of work metal to 
the tool. When cutting fluids are used, the 
most common practice is to apply the undi- 
luted fluid with a brush or swab. 

Sulfurized cutting oils are commonly 
used for steels. However, many nonferrous 
metals, such as copper-base alloys, are sus- 
ceptible to staining from sulfurized oils; 
when a cutting fluid is needed for shaping 
these metals, kerosene with an addition of 
about 10% lard oil is recommended. 
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Table 4 Shaping of W2 and D2 
tool steel die sections 





Tool details for both steels 

M3 high-speed 
steel 

13x 13 х 100 mm 
(б x V x din) 

Straight-shank(a) 


Tool material ............. 
‘Tool size . 


Type of tool holder 












Tool angles 
Back rake .... diee w 
Normal side таке. wis 1 
End relief (on tool bit)... x 
Effective end relief (in 
holderya). ........ T 
Normal side relief eoe OS 
End cutting edge dues MM 
Side cutting edge 30° (left-hand) 
Nose radius. 1 bé mm (Vie in.) 
Machining conditions for W2(b) 
Ram speed, roughing and 
finishing. 18.0 m/min (59 
sfm) 
Feed, roughing ‚ 0,5 mm (0,020 in.) 
per stroke 
Feed, finishing . .....- ‚025 mm (0.010 in.) 
per stroke 


6.35 mm (0.250 in.) 
1.52 mm (0.060 in.) 


Depth of each cut, roughing 

Depth of cut, finishing . . 

Length of cut, rough and 
finish. . 

Cutting fluid . 

Metal removal rate 


203 mm (8.000 in.) 
None 


Roughing . . 4.1 x 10* mm/min 
(2.5 in. min) 
Finishing . ..... 0.5 х 10* mm"/min 


40.3 in."/min) 
Machining time per cut. 





roughing, - is 23min 
Machining time Ber et, 
finishing... 4.4 min 
Machining conditions for D2(b) 
Ram speed, roughing and 
finishing... 12.5 m/min (41 
sim) 
Feed, rough and finish , 025 mm (0.010 in.) 
per stroke. 
Depth of each cut, roughing 6.35 mm (0.250 in.) 
Depth of cut, finishing 1,52 mm (0.060 in.) 


Length of cut rough and 
finish. . 
Cutting fluid 
Metal removal rate 
Roughing . 


178 mm (7.000 in.) 
- None 





1.3 x 10* mm/min 
(0.77 in. min) 


Finishing ... 03 х 10* mm'imin 
(0.18 in. min) 
Machining time per cut 
Roughing . t 6.1 min 
Finishing . . $7 min 










denA 


Detak А Workpiece a 


(а) Tool bolder angle was 13°. (b) Two roughing cuts, one finishing 
cut 
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Table 5 Shaping of heat-resistant 
alloys: Hastelloy alloy X, René 41, 
and HS-25 








Tool details(a) 
Tool material M30 or M34 high-speed steel 
Tool angles 
Back rake - oy 
Side rake.. Р 
End and side relief .. 4-67 
Nose radius. . = 1.1-2.2 mm (0.045-0.090 in.) 
Machining conditions 
Ram speed. .......--. 2.1-4.0 m/min (7-13 sfm) 
Feed, roughing....... 0.50.75 mm (0.020-0.030 in.) 
per stroke 
Feed, finishing . . 0.25-0.380 mm (0.010-0.015 
їп.) per stroke 
Depth of cut, 
roughi 1.25-2.50 mm (0.050-0.100 in.) 






Depth of cut, 


finishing... ‚ 0.380-0.750 mm (0.015-0.030. 
іп) 
Cutting fuid Sulfur-free chlorinated oil(b) 





ta} Honing of cutting edges proved beneficial, Optimum cutting 
efficiency was obra ide ерш cdge wear below 1.25 mm 
AO) жем land) Applied by a bra 





Flat Surfaces 


Shaping is usually selected as the method 
for machining flat surfaces when: 


ө The required flatness is greater than can 
be obtained by other methods 

* The production quantity is too low to 
justify the cost of machines and tooling 
for milling or broaching 

* A few pieces are needed in an emergency 
and no production setup is available 


Dimensional Control. When workpieces 
such as dies, molds, and fixtures must be 
matched, thus requiring the highest possible 
degree of flatness, shapers arc preferred. 
Under good shop conditions (capable oper- 
ator, machine in good repair, rigid setup), a 
heavy-duty shaper can machine a surface 
460 mm (18 in.) square to a flatness within 
0.025 mm (0.001 in.) and can hold variation 
in flatness among identical parts within 0.05 
mm (0.002 in.). Under optimum conditions 
of control, including a highly skilled opera- 
tor, the flatness of a 460 mm (18 in.) square 
surface can be held to within about 0.013 
mm (0.0005 in.). 

When shaping workpieces that are rela- 
tively thin compared to their length and 
width—for example, a 13 mm (^ in.) thick 
plate having 6.5 х 10* mm? (100 in.*) per 
side—warpage is often a problem. If the two 
sides are flat and parallel, warping is best 
avoided by successively removing equal 
amounts of stock from the two sides in both 
roughing and finishing; about 0.25 to 0.375 
mm (0.010 to 0.015 in.) of material per side 
is left for the finishing cuts. For thin work- 
pieces from which all the stock must be 














to rough machine to wi! 
(0.015 in.) of finished size, stress relieve, 
and then finish machine. Tool details, tech- 


niques, and operating conditions in the 
shaping of flat surfaces are discussed in the 
following example. 

Example 2: W2 and D2 Tool Steel Die 
Sections. A heavy-duty 610 mm (24 in.) 
machine with 7.5 kW (10 hp) drive was used 
for the rough and finish shaping of die 
sections made of either W2 hot-rolled bar 
(202 HB maximum) or D2 tool steel (255 
HB). Before shaping, each section made of 
W2 measured 65 x 150 x 200 mm Q'^ x 6 
x 8 іп.) and weighed 15 kg (34 Ib). Each D2 
section measured 55 x 150 х 175 mm (2/4 x 
6 x 7 іп.) and weighed 12.1 kg (26.7 Ib). 
Shaping reduced the 150 mm (6 in.) dimen- 
sion on sections of both steels to 138 mm 
(57Лв in.), and the weight to 13.9 and 11.0 kg 
(30.7 and 24.2 Ib) for the W2 and D2 sec- 
tions. Tool details and machining conditions 
are listed in Table 4. 

Each workpiece was clamped in the 
shaper vise with the longest dimension par- 
allel to the ram stroke, as shown in the 
illustration in Table 4, after which it was 
machined with two 6.4 mm (1⁄4 in.) roughing 
cuts and a 1.6 mm (46 in.) finishing cut. The 
tools were hand sharpened to the configura- 
tion detailed in Table 4. 

A comparison of the data in Table 4 for 
the preceding example demonstrates the 
influence of machinability of workpiece 
metal on the machining conditions em- 
ployed and results obtained. For both the 
W2 and the D2 die sections, tools of the 
same design were used in identical ma- 
chines for removing the same amounts of 
metal. For the more difficult-to-machine 
D2, however, speed had to be reduced by 
about 30% and feed by 50%. The metal 
removal rate in roughing was only about 
one-third that for W2. 

Another group of difficult-to-machine 
materials comprises the nickel-base and co- 
balt-base heat-resistant alloys. As indicated 
in Table 5, the ram speed used in shaping 
Hastelloy alloy X (at 20 HRC), René 41 (at 
28 HRC), and HS-25 (at 25 HRC) alloys 
must be much slower, even for shallower 
cuts, than that used for the highly alloyed 
D2 tool steel. 


External or 
Internal Contours 


"The use of a shaper for cutting external or 
internal contours is usually limited to unit or 
low production. When identical workpieces 
must be produced in large quantities, cost 
per piece can be greatly reduced by milling 
or broaching these contours. 

However, for cutting internal contours on 
workpieces such as the one shown in Fig. 7, 
shaping is often the most satisfactory and 
economical method for producing up to 
medium quantities. The contour in this part 
could be produced in one cut with a broach, 
buta large and expensive machine would be 
required. Such an investment could be jus- 








Cutting an internal contour with a shaper 
Dimension given in inches 


Fig. 7 


tified only if the parts were to be produced 
in large quantities. In the contour cutting of 
the workpiece shown in Fig. 7, the opera- 
tion was manually controlled. However, 
contours can be cut by means of automatic 
duplicating equipment (Fig. 8). 

Automatic duplicating makes use of a 
template followed by a tracer that controls 
and directs the cutting path of the tool. 
Setup time is short, and tooling cost is low. 





Form Cutting 


In most form cutting on a shaper. the 
workpiece remains stationary while the 
form tool is advanced into the work by 
increasing the downfeed on each stroke. A 
typical form-cutting operation, that of cut- 
ting teeth in racks for emergency use in unit 
orlow-production quantities, is described in 
the following example. 

Example 3: Form Cutting Heat-Treated 
Tool Steel Racks. A 7.5 kW (10 hp) shaper 
having a 910 mm (36 in.) maximum stroke 
was used to form-cut teeth in 1830 mm (72 
in.) long arbor-press racks made of 0.50% 
C, low-alloy tool steel and heat treated to a 
hardness of 300 to 320 HB. The setup is 
shown in Fig. 9. 

The shaper was operated with a 200 mm 
(8 in.) stroke and at 41 strokes per minute 
(ram speed: 15 m/min, or 50 sfm). The 
form tool, which was ground from 25 mm 
(1 in.) square high-speed steel, was down- 
fed at 0.5 mm (0.020 in.) per stroke. The 
workpiece was manually indexed and lo- 
cated for each succeeding tooth space with 
the aid of crossfeed, rapid-traverse, and 
micrometer dials that were standard equip- 








— —] 
Use of duplicating equipment on a shaper for 
cutting the external contour of a trimming die 


Fig. 8 


ment on the shaper used. No cutting fluid 
was used. 


Grooves, Slots, 
and Keyways 


Vertical machines are usually used in 
preference to horizontal shapers for cutting 
external or internal grooves. This is partic- 
ularly true when two or more grooves must 
be kept in a specific relationship to each 
other, because indexing for cutting in a 
vertical plane is usually simpler. 

External grooves can be machined on 
shapers to about the same degree of dimen- 
sional accuracy as in milling. Holding close 
dimensions on external grooves cut on a 
shaper depends largely on the accuracy of 
the indexing fixture, because there is sel- 
dom any reason why rigid tools and tool 
mountings cannot be used. On most parts, 
two or more grooves can be held within 0.05 
mm (0.002 in.) in relationship to each other. 

Shapers are used for cutting external 
grooves when quantities are too low to 
justify the cost of tooling up for milling or 
when workpiece configuration does not per- 
mit the use of a milling cutter. As an exam- 
ple of the latter condition, it is often neces- 
sary to cut grooves that terminate adjacent 
to a flange or other obstruction, thus pre- 
cluding the use of a rotating cutter. With a 
shaper, it is usually possible to cut grooves 
or slots to within about 6.4 mm (М in.) of an 
enlarged section, When it is feasible to use 
milling and when production quantities war- 
rant its use, external grooves are seldom cut 
by a shaper, because milling costs less 
under these conditions. 

Internal grooves are machined on a 
shaper for the same reasons as noted above 
for external grooves, namely, low quantity 
and restrictive configuration. For internal 
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Form shaping of teeth in arbor-press racks. 
Dimensions given in inches 


3- 











grooves, however, broaching is the alterna- 
live process. 

Shaping is generally used for cutting in- 
ternal grooves or slots in tooling compo- 
nents such as dies for hot extrusion. This is 
because quantities are usually too low to 
warrant the cost of tooling for broaching 
and because the production of slots that are 
several times as deep as they are wide 
would be impractical for broaching. 

The hardness of the work material can 
also determine whether shaping or broach- 
ing is used for cutting intricately shaped 
internal grooves in dies. Heat-treated tool 
steels as hard as 46 HRC are commonly 
machined on a shaper, while the broaching 
a steel of this hardness would be risky 
because of the likelihood of broach break- 
age. Shaping is also virtually the only pro- 
cess by which grooves can be cut to about 
6.4 mm (¥% in.) of the end of a blind hole. 

The length of internal slots or grooves in 
relationship to their cross-sectional dimen- 
sions limits the use of a shaper. By using 
holders that extend the cutting tool out from 
the ram head, it is possible to remove metal 
from holes as small as about 25 mm (1 in.) in 
initial cross section. However, as the ratio of 
length to diameter (or to other cross-sectional 
dimension) exceeds about 4 to 1, the decrease 
in accuracy is likely to become intolerable. 


Gear Shaping 


Gear shaping is more complex than gen- 
eral-purpose shaping. Gear shaping is а 
form-generating operation; ordinary shap- 
ing is not. A gear shaping cutter is a conju- 
gate of the workpiece and meshes with it; a 
shaping cutter is a single-point tool. Gear 
shaping is usually performed on five-axis 
vertical slotting machines equipped with 
rack or rotary cutters and a rotary table. 


BROACHING is a machining process in 
which a cutting tool that has multiple trans- 
verse cutting edges is pushed or pulled 
through а hole or over a surface to remove 
metal by axial cutting. Because broaches 
are multitoothed cutting tools produced to 
close tolerances. they are expensive; con- 
sequently, the process is usually employed 
only for high production. Some part config- 
urations, however, are practical to produce 
only by broaching; for parts of this type, the 
broaching of low production quantities may 
be warranted. Because several edges of a 
broach are cutting at once, forces are much 
greater than in other machining methods, 
and broaching is rated as the most severe of 
all machining operations. 

Broaching is similar to Shaping, it com- 
petes economically with milling and boring, 
and it is capable of producing precision 
machined surfaces. The heart of this pro- 
cess is the broaching tool. in which rough- 
ing. semifinishing, and finishing teeth are 
combined into one tool. Broaching is unique 
in that it is the only one of the basic та- 
chining processes in which the feed of the 
cutting edges into the workpiece, determin- 
ing the chip thickness, is built into the tool. 
culled a broach. The machined surface is 
always the inverse of the profile of the 
broach, and in most cases il is produced 
with a single. linear stroke of the tool across. 
the workpiece (or the workpiece across the 
broach). 

Broaching was originally developed for 
machining internal keyways. However, its 
obvious advantages quickly led to its devel- 
opment for the mass-production machining 
of various surfaces, such as flat, interior 
and exterior cylindrical and semicylindrical. 
and many irregular surfaces. Because thet 
are few limitations regarding the contour 
form that broach teeth may have, there is 
almost no limitation on the shape of su 
es that can be produced by broaching. The 
only physical limitations are that there must 
be no obstruction to interfere with the pas- 
sage of the entire tool over the surface to be 
machined and that the workpiece must be 
strong enough to withstand the forces in- 
volved. In internal broaching, a hole must 
exist in the workpiece into which the broach 
may enter. Such a hole can be made by 
drilling. boring. or coring. 

Broaching usually produces better accu- 
racy and finish than can be obtained by 
milling or reaming. Although the relative 



































motion between the broaching tool and the 
work is usually a single lincar one, a rota- 
tional motion can be added to permit the 
broaching of spiral grooves, as in spiral 
splines or in gun-barrel rifling. 


Fundamentals of Broaching 


Each tooth on a broach is essentially a 
single-edge cutting tool, arranged much like 
the teeth on a saw except for the step (rise 
per tooth), which determines the depth cut 
by each tooth. The depth of cut can vary 
from approximately 0.15 mm (0.006 in.) for 
roughing teeth in machining [ree-cutting 
steel to a minimum of 0.025 mm (0.001 in.) 
for finishing teeth. 

Broach Tooth Terminology. Usually. a 
broach is a tapered bar into which teeth 
have been cut so as to produce a desired 
contour in a workpiece by a single pass of 
the tool. A typical broach for cutting a 
round hole is shown schematically in Fig. 1. 
This broach has three basic sections of 
cutting teeth: roughing teeth, intermediate 
(semifinishing) teeth, and finishing teeth. 
The broach tapers from the first roughing 
tooth to the last intermediate tooth with the 
outside diameter of each tooth being slightly 
larger than the tooth that precedes it. The 
difference in height between each tool is 
termed the tooth rise. The diametral differ- 
ences of the roughing teeth are usually 
greater than for the intermediate teeth. Or- 
dinarily, all finishing teeth are of the same 
diameter. 

A standard broach tooth is illustrated in 
Fig. 2. Individual teeth have a land and face 
that intersect to form a cutting edge. The 
face is ground with a face (hook) angle that 
is determined by the workpiece material. 
Soft steel workpieces usually require great- 
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Fig. 


er hook angles; hard or brittle materials, 
smaller hook angles. 

The land supports the cutting edge 
against stresses. A slight clearance or back- 
off angle is ground onto the lands to reduce 
friction. On roughing and semifinishing 
teeth, the entire land is relieved with a 
backoff angle. On finishing teeth, part of the 
land immediately behind the cutting edge is 
often left straight so that repeated sharpen- 
ing (by grinding the face of the tooth) will 
not alter tooth size. 

The distance between teeth, or pitch 
determined by the length of cut and i 
influenced by the type of workpiece mate- 
rial. A relatively large pitch may be required 
for roughing teeth to accommodate a great- 
er chip load. Tooth pitch may be smaller on 
semifinishing and finishing teeth to reduce 
the overall length оѓ the broach tool. Pitch is 
calculated so that, preferably, two or more 
teeth cut simultaneously. This prevents the 
tool from drifting or chattering. 

A broach tool will sometimes vibrate 
when a heavy cut is taken, especially when 
the cutting load is not evenly distributed, 
Vibration may also occur when tooth en- 
gagement is irregular. The greatest contrib- 
uting factors to vibration are poor tooth 
engagement and extremely hard work- 
pieces. Such problems must be anticipated 
by the broach designer. 

Tooth rise is calculated so that the thick- 
ness of the chip does not impose too great a 
strain on individual teeth. A large tooth rise 
increases power requirements, When all teeth 
are simultaneously engaged in the workpiece, 
too large a tooth rise could cause an increase 
in power requirements beyond the rated ton- 
nage of the machine. If the rise is too small to 
permit the teeth to bite into the workpiece, а 
glazed or galled finish will result. 
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Fig. 2 Teeth in a typical surface broaching tool. Nomenclature corresponds to that of an internal brooch. Gules 
9- 2 shown are average size. 
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broaching 


The depth of the tooth gullet is related to 
the tooth rise, pitch, and workpiece materi- 
al. The tooth root radius is usually designed 
so that chips curl tightly within themselves, 
occupying as little s s possible. 

Roughing and finishing operations are 
usually combined in one broach, and the 
broached surface normally requires no sub- 
sequent finishing operations. Many cuts can 
be made simultaneously in close dimension- 
al relationship with either internal or exter- 
nal (or surface) broaches. 

Internal broaches (Fig. 3a) can be rotated 
during passage through the work to produce 
internal helical keyways. splines, or gear 
teeth. Broached holes can be produced 
from holes that are cored. forged, punched. 
drilled, bored, or reamed. 

Broaches do not ordinarily remove large 
amounts of stock. because of machine 
tonnage and stroke limitations. However. 
as much as 13 mm (7 in.) of stock has been 
economically removed in some surface 
broaching applications (Fig. 3b). Depths of 
100 mm (4 in.) have been eved with 
broaches. The final configuration obtained 
with a broach may be a smoother and 
flatter surface, a larger hole, or a complex 
splined, toothed, notched, curved, helical. 

















Tool 


(b) 


Relationship of workpiece to tool for forming chips during broaching. (o) Internal broaching, (b) External 


or other irregularly shaped section, as 
shown in Fig. 4. 

Broach Си! Action. A workpiece to 
be internally broached must be provided 
with a starting hole through which the 
broach is pulled or pushed. This hole is just 
large enough to permit the front pilot sec- 
tion of the broach to enter freely. As the 
broach progr s through the part, cutting 
begins gradually, and as cach succeeding 
tooth engages the work, it removes a small 
amount of metal (Fig. 5). If the first finish- 
ing tooth becomes dull or nicked, the work 
metal is likely to be torn. 

A broach is normally sharpened by grind- 
ing the cutting edge. Each tool incorporates 
a backoff or relief angle (usually 17°, ex- 
cept for finishing, where it may be as small 
as 14°). Tooth diameter is changed only 
slightly when the broach is sharpened on 
the face becausc only a small amount of. 
metal is removed. Because the first finish- 
ing tooth does the work, only this tooth is 
ground at resharpening. As this tooth is 
decreased in size, the next tooth does the 
finish cutting: this continues until all the 
finishing teeth have been reground to a 
point at which size tolerance can no longer 
be held. 
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Fig. 4 Pie! configurations produced by internal 
J- ^ (о) and external (b) broaching. Heavy lines 
in (b) indicate surfaces that are broached 


Broach Size. Broaches can be as small as 
1.3 mm (0.050 in.) in diameter or as large as 
380 to 500 mm (15 to 20 in.) in diameter. The 
internal push broach is limited in length to 
25 times the diameter of the finishing teeth. 
and the internal pull broach is limited in 
length to 75 times the diameter of the fin- 
ishing teeth. 


Applicability 


Broaching can be employed in a wide 
range of applications and, where applicable, 
offers several advantages over other ma- 
chining processes. Because both roughing 
and finishing can be done in a single pass of 
the broach, broaching is rapid and efficient. 
Moreover, because close tolerances can be 
held and smooth surfaces provided, subse- 
quent operations are seldom required. Al- 
most any irregular shape can be broached if 
it is in the same plane as the direction of 
broach trav Large surfaces can be 
broached flat in one pass 
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Fig. 5 Ideal chip formation by a broaching tool 


For many applications, broaching is se- 
lected because it is less expensive or faster, 
even though acceptable results could be 
obtained by other machining methods, such 
as milling, boring, shaping, or reaming (see 
the section *‘Broaching Versus Alternative 
Processes" in this article), For other appli- 
cations, the required configuration is such 
that broaching is the only feasible method— 
for example. for fir-tree or dovetail slots in 
turbine wheels. 

The limitations of broaching stem from 
the fundamental characteristics of the pro- 
cess. With the exception that it ca 
rotated (which permits the bri 
internal or external helical teeth on gear 
blanks), a broach always moves forward in 
a straight line. Consequently. all elements 
of broached surfaces must be parallel to the 
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axis of travel. It is impossible 10 broach the 
entire surface of a tapered hole. A blind 
hole can be broached, but a recess must be 
provided that is larger in diameter than the 
broach and deep enough to permit full travel 
of the broach. A series of push broaches is 
usually used for a blind hole (Fig. 6). 

On external surfa it is impossible to 
broach to a shoulder that is perpendicular to 
the direction of broach movement. If the 
shoulder is parallel to the motion, however. 
broaching to the shoulder is possible and is 
frequently done. 

It is also impractical to change the direction 
of travel of the broach (except for a spiral 
twist), Thus, surfaces having curves that lie in 
two or more planes cannot be broached in a 
single operation, although such surfaces are 
often machined by multiple broaching. 
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in press 
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Fi 6 Schematic cf blind-hole broaching on a press. This operation involves a series of short push broaches, each 
9. © ly lorger in diameter than the preceding too! (a). The broaches are mounted on a circular indexing 
toble that rotates under the workpiece (b). As each tool stops under the workpiece, the brooching machine pushes the 


workpiece down over the tool, withdraws it, and then wait 


s for the next broaching tool to index into position. 
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Because of the length of stroke and та- 
chine tonnage that would be required, 
broaching is seldom recommended for the 
removal of large amounts of metal. Where 
heavy stock must be removed, it is gener- 
ally better to use a preliminary roughing 
operation other than broaching or to use 
two or more roughing broaching passes. 

Where size is concerned, the size of the 
broach required, rather than the size of the 
workpiece, determines the applicability of 
the process. Broaching of a hole 150 mm (6 
in.) in diameter is commonplace. For a hole 
300 mm (12 in.) in diameter, a much heavier 
broach is needed, and a much larger ma- 
chine is required. Broaching of holes larger 
than 300 mm (12 in.) in diameter is seldom 
practical because of the size and cost of the 
broach, 

The size of the workpiece has little influ- 
ence on broaching conditions, provided the 
broach sections are similar in shape, work- 
piece sizes are in a range that is easily 
handled, and the materials are comparable 
in machinability. However, workpiece size 
does affect production rate per hour. 

For the production of die cav where 
the shape permits and where several similar 
cavities are required, broaching can provide 
a substantial savings. In the usual toolroom 
method of die production, labor costs per 
dic are approximately the same whether one 
cavity or ten cavities are produced. In 
broaching, the major cost is that of the 
broach or broaches required, and this cost 
is reduced in proportion to the number of 
cavities produced. 





The type of broach cutting tool required 
for a given job is the single most important 
factor in determining the type of broaching 
machine to be used. Second in importance 
is the production requirement. Taken to- 
gether, these factors usually determine the 
specific type of machine for the job. 

The type of broach tool (internal or ex- 
ternal) immediately narrows down the types 
of machines that could be used. The number 
of pieces required per hour or over the 
entire production run will further narrow 
the field. 

For example, a dual-ram machine with 
one operator may be chosen over two sin- 
gle-ram machines requiring two operators in 
order to provide higher output per man- 
hour. The single operator can load one table 
of a dual-ram unit while the other ram is 
cutting. Production requirements that are 
even higher may dictate a continuous hori- 
zontal machine. The machine size in a par- 
ticular model is a function of tool size, 
workpiece size. broaching power require- 
ments, and available production space. 

For internal broaching, the length of a 
broach in relation to its diameter may de- 
termine whether it must be pulled rather 
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Fig. 7 Classification of broaching machines 


than pushed through the workpiece. be- 
cause a broach tool is stronger in tension 
than in compression. This in turn helps 
determine the type of machine for the job. A 
short push broach is often handled in a 
press instead of an expensive ram-type 
broaching machine. Presses can of course 
be converted to pull short broaches by the 
addition of a pull-down adaptor, which con- 
verts push strokes to pull strokes. 

Lubrication, workpiece size, chip-handling 
characteristics, and surface finish help deter- 
mine whether a pull-up or a pull-down broach 
should be used. Pull-down machines are used 
most often because gravity helps feed lubri- 
cant to the cutting teeth. Large workpieces 
are more easily handled in a pull-down ma- 
chine than in a pull-up machine. 

The type of drive—hydraulic or electro- 
mechanical—is another important factor in 
machine sclection. Convertibility and auto- 
mation are also significant considerations. 
Some machine designs allow for conversion 
from internal to surface work. Some designs 
are fully automated: others are limited in 
scope and operate only with close operator 
supervision. 

The two major types of bri ing ma- 
chines—horizontal and vertical—are classi- 
fied in terms of the direction of broach 
travel, Smaller portable machines and some 
sophisticated larger machines are classified 
as special broaching machines. Figure 7 
shows a breakdown of various categories of 
broaching machines. 

Broaching machine designations follow 
а simple letter-number code in which the 














type and size (capacity and maximum 
length of stroke) of the machines are iden- 
tified. Three examples of the use of this 
code are: 


е VPU-5-54— Vertical pull-up machine, 45 
kN (5 tonf) capacity, 1370 mm (54 in.) 
stroke 

e VPD-10-60—Vertical pull-down ma- 
chine, 90 kN (10 tonf) capacity, 1525 mm 
(60 in.) stroke 

* H-5-48—Horizontal machine, 45 kN (5 
tonf) capacity, 1220 mm (48 in.) stroke 





Horizontal Broaching Machines 


The preferred configuration for broaching 
machines seems to have come full ci 
The original gear- or screw-driven machines 
were designed as horizontal units. Gradual- 
ly. the vertical machines evolved as it be- 
came apparent that floor space could be 
utilized more efficiently with vertical units. 
Currently, the horizontal machine, both hy- 
draulically and mechanically driven, is 
again finding increasing favor among users 
because of its very long strokes and the 
limitation that ceiling height places on ver- 
tical machines. About 47% of all broaching 
machines are horizontal units. Horizontal 
machines are used exclusively for some 
types of work, such as the roughing and 
finishing of automotive engine blocks. 

Horizontal internal or combination ma- 
chines, among the first used after the ad- 
vent of powered broaching, have been di 
en hydraulically for many years. Hydraulic 
drives, developed in the early 1920s, offered 
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such pronounced advantages over the vari- 
ous early mechanical driving methods that 
only within recent years has any other 
method been used. 

By far the greatest amount of horizontal 
internal broaching is done on hydraulic pull- 
type machines (Fig. 8). for which configu- 
rations have become somewhat standard- 
ized over the years. Fully one-third of the 
broaching machines in existence are of this 
type, and of these. nearly one-fourth are 
over 20 years old. They find their heaviest 
application in the production of general 
industrial equipment, but can be found in 
nearly every type of industry. 

Hydraulically driven horizontal internal 
machines are built with pulling capacities 
from 22 to 670 kN (2% to 75 tonf), The 
former value represents machines only 
about 2.4 m (8 ft) long; the latter, machines 
over 11 m (35 ft) long. Strokes up to 3050 
mm (120 in.) are available, with cutting 
speeds generally limited to less than 12 m/ 
min (40 sfm). 

Horizontal surface broaching machines 
account for only about 10% of existing 
broaching machines. but this is not indica- 
tive of the percentage of the total invest- 
ment they represent or of the volume of 
work they produce. Horizontal surface 
broaching machines belong in a class by 
themselves in terms of size and productivi- 
ty. Only the large continuous horizontal 
units can match or exceed them in produc- 
tivity. Horizontal surface units are manu- 
factured in both hydraulically and electro- 
mechanically driven models, with the latter 
type becoming dominant. 

The older hydraulically driven horizontal 
surface machines are produced with capac- 
ities up to 355 kN (40 tonf). strokes up to 
4570 mm (180 in.), and normal cutting 
speeds of 30 m/min (100 sfm). These ma- 
chines, a major factor in the automotive 
industry for nearly 30 years, produce a great 
variety of cast iron parts. They use standard 
carbide cutting tools and some of the high- 
est cutting speeds found in broaching. 

However. electromechanically driven 
horizontal surface machines are being used 
at an ever-increasing rate for certain appli- 
cations, despite their generally higher cost. 
Because of their smooth ram motion and the 
resultant improvements in surface finish 
and part tolerances, these machines have 
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Fig. 9 schematic of a continuous surface horizontal broaching machine 


become the largest class of horizontal sur- 
face broaching unit built. They are available 
with pulling capacities in excess of 890 KN 
(100 tonf), strokes up to 9 m (30 fU, and 
cutting speeds, in some cases, of more than 
90 m/min (300 sfm). 

Larger machines have fully stress- 
relieved welded steel frames rather than 
gray iron castings. Two sets of cutting tools 
are often attached to the ram so that parts 
can be broached on both the forward and 
return strokes. A common operation on 
automobile engine blocks consists of 
broaching head surfaces on one stroke of 
the ram, followed by the pan rail and bear- 
ing surfaces on the return stroke. 

These machines can also be equipped 
with dual-speed controls, by which the ram 
is driven at one preselected speed during 
‘one portion of the stroke and then changed 
to a second preselected speed during anoth- 
er portion of the stroke, A typical applica- 
lion is the use of the high speed for the 
initial roughing cut on pine-tree slots in 
turbine wheels, followed by the slower 
spced while the finishing teeth are cutting. 

Continuous surface horizontal broach- 
ing machines are rapidly becoming the 
most widely used type of machine produced 
for high-production surface broaching. A 
large continuous machine can be a 38.5 Mg 
(42.5 ton) giant with an 8.8 m (29 ft) long 
bed, a 5600 mm (220 in.) stroke. and a 
kN (40 tonf) broaching capacity. It is capa- 
ble of executing nine separate operations on 
3.4 kg (7% Ib). 318 mm (12% іп.) long 
connecting rod-and-cap sets for farm ma- 
chinery engines. One of the smallest contin- 
uous machines is a 7.7 Mg (8.5 ton) chain 
broach with a 22 kN (2.5 tonf) capacity and 
а 500 mm (20 in.) stroke. It broaches 0.14 kg 
(5 oz), 64 mm (2.5 in.) long manual trans- 
mission shaft shifters in four different con- 
figurations for automobiles. 








The key to the productivity of a continu- 
ous horizontal broaching machine is elimi- 
nation of the return stroke by mounting the 
workpieces. or the tools, on a continuous 
chain. Most frequently, the tools remain 
stationary, mounted in a tunnel in the top 
half of the machine, and the chain-mounted 
workpieces pass underneath them (Fig. 9). 


Vertical Broaching Machines 

About 45% of all the broaching machines 
in existence are verticals, almost equally 
divided between vertical internal and verti- 
cal external or combination machines. Ver- 
tical broaching machines, used in every 
major area of metalworking, are almost all 
hydraulically driven. One of the essential 
features that promoted their development. 
however, is becoming a limitation. The cut- 
ting strokes currently in use often exceed 
existing factory ceiling clearances. When 
machines reach heights of 6 m (20 ft) or 
more, expensive pits must be dug for the 
machine so that the operator can work at 
factory floor level. 

Vertical internal broaching machines 
are pull-up, pull-down, or push-down units. 
depending on their mode of operation. 

The pull-up type. in which the workpiece 
is placed below the worktable, was the first 
to be introduced. Its principal use is in 
broaching round and irregularly shaped 
holes. Pull-up machines have pulling capac- 
ities of 55 to 445 КМ (6 to 50 tonf). strokes 
up to 1830 mm (72 in.). and broaching 
speeds of 9 m (30 sfm). Larger machines are 
available; some have clectromechanical 
drives for greater broaching speed and high- 
er productivity. 

Pull-Down Machines. The more sophisti- 
cated pull-down machines, in which the 
work is placed on top of the table (Fig. 10). 
were developed later than the pull-up type. 
Pull-down machines are capable of holding 
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internal shapes to closer tolerances by 
means of locating fixtures on top of the 
worktable. These machines are available 
with pulling capacities of 18 to 445 kN (210 
50 ton, 380 to 2290 mm (15 to 90 in.) 
strokes, and speeds of up to 24 m/min (80 
sfm). 

Push-down machines are often nothing 
more than general-purpose hydraulic press- 
es with special fixtures. They are available 
with capacities of 18 to 220 KN (2 to 25 
tonf), strokes up to 915 mm (36 in.), and 
speeds as high as 12 m/min (40 sfm). In 
some cases, universal machines have been 
designed that combine as many as three 
different broaching operations, such as 
push, pull, and surface, simply through the 
addition of special fixtures. 

Vertical surface or combination broach- 
ing machines are found mainly in the au- 
tomotive industry. These machines, pro- 
duced in single- and double-ram versions 
(and even more rams occasionally). are 
hydraulically powered. with a few notable 
exceptions. Capacities range from 27 to 445 
kN (3 to 50 tonf), with up to 3050 mm (120 
in.) strokes, and speeds of 37 m/min (120 
sfm). 

Electromechanically driven vertical sur- 
face broaching machines are available with 
eiher single or double rams and with 
strokes up to 3050 mm (120 іп.). capacities 
of 220 kN (25 tonf), and speeds of 24 m/min 
(80 sfm). 
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Fi 11 Schematic of strip broaching. In this method, the tool is returned over the already-cut work surfaces; 
g. this reduces tool life and limits tool precision. 


Special Broaching Machines 


Special broaching machines also fall un- 
der the general categories of internal or 
external use, but beyond that it is difficult to 
ssify the wide and often unique variety of 
special machines. It is sometimes impossi- 
ble to bring the workpiece to the machini 
This is particularly true in the marine, pow- 
er generation, construction, and airframe 
industries. Therefore, broaching machine 
builders have designed portable machines 
that can be brought to the work. 

A form of internal broaching called strip 
broaching is occasionally used to effect large. 
gains in productivity per machine and man- 
hour through reduced broaching time cycles. 
In strip broaching. the broach is returned 
directly through the hole just broached, im- 
mediately after the cutting stroke, eliminating 
the necessity for disengaging the broach tool 
from its pulling fixture (Fig. 11). Because the 
cutting edges rub against the work on the 
return stroke, broach life is reduced, but not 
to the extent where the overall savings de- 
rived from this technique are lost. 

Internal broaching of helicopter rotor 
spar sections is an unusual special broach- 
ing application. In one case, а 7.3 m (24 ft) 
long workpiece had about 3.2 mm (к in.) of 
4153 aluminum removed around the periph- 
ery of the irregularly shaped internal form 
by 35 progressively stepped broach sec- 
tions. These were pulled through the work- 
piece one at a time by a special electrome- 
chanical horizontal machine with a 19.5 m 
(64 ft) long bed. Broach sections were semi- 
automatically loaded and unloaded from the 
pulling bar at the beginning and end of each 
stroke. One operator handled the entire job, 
riding from loading to unloading stations in 
an electric cart. 

Pot broaching machines are arranged 
for machining outside surfaces such as gear 
teeth in one pass by means of cutter teeth 
inside a hollow broach. Most pot broaching 
machines push the work upward as indicat- 
ed in Fig. 12 because such movement allows 
the chips to escape most easily and the 























arrangement is amenable to automatic load- 
the work- 
piece is small or if the stroke must be long. 
the push rod would be slender and subject 
to buckling. For such cases, pull-up broach- 
ing machines are availab! 

Pot broaches produce external forms on 
parts that are passed through them. They 
arc applied on special vertical pot broaching 
machines that normally have the broaching 
tool stationary. The workpieces are fed one 
or more at a time either up or down through 
the broach. 

A high-production process that is ideally 
adapted 10 automation concepts, pot 
broaching is widely applied to the produc- 
tion of external involute spur running gears, 
involute splines, cam shapes, and special 
tooth shapes. There are three basic types of 
pot bro: ring-type, stick-type. and 
ring- and stick-type combination. 

Ring-type pot broaches produce precision 
involute tooth forms. Finishing rings on the 
final portion of ring-type broach sections en- 
sure maximum tooth profile and spacing ac- 
curacy with excellent surface finish 

Stick-type pot broaches are applied 
where workpiece accuracy permits. They 
are particularly adapted to producing pro- 
files with a length of cut under 15 mm (Ук 
in.). Cam shapes, straight-sided teeth, inter- 
rupted tooth shapes, and special tooth pro- 
files are usually pot broached with stick- 
type broaches. 

Ring- and stick-type combination pot 
broaches have wafers applied in combination 
with supported sticks to simultaneously pro- 
duce precision involute teeth with protuber- 
ance forms and tip chamfers or slots between 
the workpiece involute tool sections. The 
rings form the involute teeth, and the sticks 
produce the slots or protuberance form. 


Determination of 
Power Requirements 














Power requirements are influenced by the 
material to be broached, the axial length of 
the broached section. the perimeter of the 


Broaching / 199 


cut to be taken, the amount of material to be 
removed, and the condition of the cutting 
edges of the broach. To assist in evaluating 
the broachability of commonly encountered 
metals, the empirical constants given in 
Table | have been generally accepted. 
These constants are used in Eq 1 to 3 to 
determine the force required for broaching. 
In these computations, it is assumed that 
the broach is sharp and in good condition. 

Surface Broaching. The force in pounds. 
F, required for surface broaching is deter- 
mined by: 


F= TRC 


where 7 is the total length (in inches) of all 
teeth engaged, R is the rise per tooth (or 
chip thickness), and € is the broachability 
constant for the material being hroached 
(Table 1). Total length 7, could be stated 
as N - L. where N is the number of teeth 
engaged and L is the effective length of 
tooth or width of broach. 

Broaching Round Holes. The force re- 
quired for broaching round holes is deter- 
mined by: 


F = NuDRC (Ey 2) 


where N is the number of broach teeth 
engaged, D is the hole diameter, A is the 
rise per tooth, and С is the broachability 
constant from Table 1. 

Broaching Splined Holes. For broaching 
splined holes of which the inside diameter 
has been previously sized. the force re- 
quired is determined by: 


F = NSWRC (Eq 3) 


where N is the number of broach teeth 
engaged, 5 is the number of splines, W is 
the width of the spline, R is the rise per 
tooth, and C is the broachability constant 
(Table 1). In applying Eq 3 to a ten-spline 
hole (inside diameter previously sized) in 
5140 steel 41.28 mm (1.625 in.) thick, with 
splines 6.35 mm (0.25 in.) wide, using a 
broach with rise per tooth of 0.064 mm 
(0.0025 in.) and a pitch of 12.7 mm (0.5 in.). 
the force for broaching the hole is 
ed as 65 kN (15 000 Ibf) 


(Eq 1) 





Types of Broaches 


There are three general categories of 
broaches: solid, shell, and insert-type. 
Within these categories. broaches can be 
further classified by the type of cut (internal 
or external) they are designed to make and 
by the method by which they are actuated 
(push or pull). Of the various types of 
broaches, the solid pull broach (Fig. 13) is 
probably the most commonly used. 

Solid broaches are one-piece broaches 
produced from bar stock (Fig. 1 and 13). 
They can be provided with greater dimen- 
sional accuracy and concentricity than shell 
broaches. The primary disadvantages of 
solid broaches lie in the difficulty of repair- 
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ing broken teeth and in the cost of replace- 
ment. 

Shell broaches consist of a main broach 
body (usually the roughing and intermediate 
broach sections), an arbor section over 
which a removable shell fits, and the remov- 
able shell that is the finishing section. A 
broach can have more than one removable 
shell. Shell broaches can be used for inter- 
nal broaching or for some external opera- 
tions such as broaching half bores. Shell 


Schematic of the operating zone of o push-up pot broaching machine with o typicol automatic loading 
and unlooding system. (a) Front view of machine. (b) Section А-А 


broaches are superior to solid broaches in 
that worn or broken sections can be re- 
placed without discarding other sections. 
The disadvantages of shell broaches are that 
some accuracy and concentricity are sacri- 
ficed as normal variations are multiplied by 
the number of pieces involved. A typical 
pull-down removable-shell broach is shown 
in Fig. 14. 

Insert-type broaches consist of a tool- 
holder and inserts of high-speed tool steel or 





Table 1 Constants for the 
broachability of selected annealed 
metals 














меш Constant 
Aluminum 50 000 
Copper .. < 250 090 
Cast iron: bronze seeks 1 350 000 
Low-carbon steel: steel castings 450 000 
Alloy steels 3115-4615 550 000 
Alloy steels 5120-6195 ыў) 000 
Titanium and A-286 alloy 650 000 





carbide, which do the cutting. Although 
these broaches can be used for broaching 
contoured shapes, both internal and exter- 
nal, their main use is for broaching large flat 
surfaces, such as the machined faces of 
automotive engine blocks. Insert broaches 
are also used on a wide variety of form 
broaching operations, such as plier halves 
or steering gear racks. Large flat areas are 
only a portion of insert-type broach forms. 
Dovetail forms, T-slots, and various other 
configurations can be broached with insert- 
type broaches. 

Carbide inserts can be brazed to the tool- 
holder, as shown in Fig. 15(а). However, 
the practice of using brazed inserts has been 
largely replaced by the use of disposable 
inserts for broaches of this type. Disposable 
inserts are either triangular or square, thus 
having six or eight cutting edges, respec- 
tively. A square insert secured to a holder is 
shown in Fig. 15(Ь). Square carbide inserts 
with negative rake angles provide eight cut- 
ting edges and can typically be used to 
broach 25000 parts per edge, totaling 
200 000 parts per insert life (with indexing 
of the part) in broaching cast iron engine 
blocks. Instead of being sharpened, these 
inserts are discarded after the cutting edges 
have been used. The initial cost of a broach 
with disposable carbide inserts is about the 
same as that of a solid broaching tool. 

Round (button-type) indexable carbide 
inserts are also used for broaching castings. 
They offer the same advantages as square 
or rectangular inserts with the additional 
benefit, in some applications, of longer tool 
life. A tool life of 85 000 workpieces per 
insert index has been reported. Less cutting 
force is required with round inserts because 
they have a reduced depth-of-cut capability, 
which may require lengthening the broach- 
ing stroke. On а unil-load basis, a round 
insert requires greater force than a square 
one. A half-round broach with double-sided 
button inserts retained by center screws is 
shown in Fig. 15(с). Inserts can be over- 
lapped and mounted at a shear angle along 
the length of the broach to produce the 
required size progression and to balance the 
cutting load. 

Provided the holder is manufactured to 
close tolerances, particularly in those sec- 
tions that determine the height of the cutting 
edge, gaging is not required when cutters 
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Fig 13 Dimensional details of a typical round pull broach made of M2 high-speed tool steel with a shank hardness of 45 to 50 HRC and a main body hardness of 64 to 


66 HRC. Dimensions given in inches 
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Fig. 14 schematic of o shell brooch 


are changed to present a new cutting edge. 
Disposable carbide cutters can be inserted 
inany position without removing the broach 
from the machine. To provide the required 
clearance behind the cutting edges, inserts 
must have a negative rake. Inserts for con- 
tour cutting can be sharpened on the top 
and face, and shimmed to the correct posi- 
tion, A considerable savings in tool cost is 
made possible by changing from brazed 
carbide tools to disposable carbide inserts. 
for the same broaching operation. 

Internal and External Broach Configu- 
rations. A number of typical broaches and 
the operations for which they are intended 
are shown in Fig. 16. 

A square broach (Fig. 16a) produces a 
round-cornered, square hole. Prior to 
broaching square holes, it is common to 
drill a round hole having a diameter some- 
what larger than the width of the square. 
Thus, the sides are not completely finished, 
but this unfinished part is not objectionable 
in most cases. In fact, this clearance space 
is an advantage during broaching in that it 
serves as a channel for the broaching lubri- 
cant; moreover, the broach has less metal to 
remove. 

Around broach (Fig. 16b) is for finishing 
round holes. Broaching is superior to 








Rough and finish 
teetn 


reaming for some classes of work because 
the broach will hold its size for a much 
longer period, thus ensuring greater accu- 
г 





Keyway broaches (Fig. 16с and d) are for 
cutting single and double keyways. The 
single keyway broach is of rectangular sec- 
tion and, when in use. les through a 
guiding bushing inserted in the hole. 

The four-spline broach (Fig. 16e) is for 
forming four integral splines in a hub. 

The hexagon broach (Fig. 160 is for pro- 
ducing hexagonal holes. 

A rectangular broach (Fig. 16р) is used 
for finishing rectangular holes. The teeth on 
the sides of this broach are inclined in 
opposite directions: this has the following 
advantages: 









е The broach is stronger than it would be if 
the teeth were opposite and parallel to 
each other 

* Thin work cannot drop between the in- 
clined teeth, as it tends to do when the 
teeth are at right angles, because at least 
two teeth are always cutting 

* The inclination in opposite directions 
neutralizes the lateral thrust 





The teeth on the edges are staggered, the 
teeth on one side being midway between the 


teeth on the other edge, as shown by the 
dotted line. 

A double-cut broach (Fig. 16h) is for 
finishing, simultaneously, both sides of a 
slot and for similar work. 

An internal gear broach (Fig. 16i) is the 
stvle used for forming the teeth in internal 
gears. It is a series of gear-shaped cutters, the 
outside diameters of which gradually increase 
toward the finishing end of the broach. 

A round broach (Fig. 16j) is for round 
holes, but differs from the broach shown in 
Fig. 16(b) in that it has a continuous helical 
cutting edge. The broach shown in Fig. 16) 
produces a shearing cut. 

A helical groove broach is for cutting a 
series of helical grooves in a hub or bushing. 
In helical broaching. either the work or the 
broach is rotated to form the helical grooves 
as the broach is pulled through. 

Rotary-Cut Broaches. Rough forgings, 
malleable iron castings with a hard skin, and 
sand castings with abrasive surface inclu- 
sions are cut with one of three types of 
rotary-cut broaches (Fig. 17). The design 
concept is similar to that of a chip-breaking 
slot; but the cutting edge has been drastical- 
ly reduced, and the slots between the teeth 
have become much deeper. Rotary-cut 
broaching teeth are heavier to withstand the 
heavy cutting load and are spaced in stag- 
gered fashion along the axis of the broach to 
generate the entire circumference of the 
hole. The tools are designed to take deep 
culs underneath a poor-quality surface. 
Once this surface has been penetrated, the 
balance of the broaching tool proceeds to 
semifinish and finish the underlying metal in 
the normal manner. 

The hexagonal rotary-cut broach (Fig. 
17a). used for small-diameter holes, re- 
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moves little stock. Depth of cut is limited to 
the distance across the flats. 

The radial rotary-cut broach (Fig. 17b) 
removes more stock than the hexagonal tool 
because the cutting portions of the teeth are 
connected by ares rather than by flats. 

Spline rotary-cut broaches (Fig. 17c) of- 
fer a greater degree of flexibility than either 
of the other tool types and also permit 
maximum stock removal. The amount of 
stock removal is primarily governed by the 
capacity of the broaching machine rather 
than by any tooling limitations. Rise per 
tooth may be as much as 1.3 mm (0.050 in.) 
on such broaches. 

In addition to the typical broaches shown 
in Fig. 16 and 17, many special designs are 
used for performing more complex opera- 
tions. Two surfaces on opposite sides of a 
casting or forging are sometimes machined 
simultaneously by twin broaches, and in 
other cases, three or four broaches are 
drawn through a part at the same time for 
finishing as many duplicate holes or surfac- 
es. 

Progressive Broaches. Notable develop- 
ments have been made in the design of 
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Fig. 16 typical broaches ond the configurations they generate. See text for discussion. 


broaches for external broaching. One of 
these developments is the progressive 
broach (Fig. 18). Employed primarily for 
broaching wide, flat surfaces, the first few 
teeth іп progressive sectional broaches 
completely machine the center, while suc- 
ceeding teeth are offset in two groups to 
complete the remainder of the surface. 
One-piece progressive Бгоасһе (Fig. 
18a) have two sets of narrow roughing 
teeth. with each set positioned at an angle 
with respect to the centerline of the broach 
holder, thus forming an inverted vec. Each 












to full depth, but covers oni 
of the workpiece surface. Thi 
single-point tool on a shaper or planer pro- 
gressively generating a flat surface on the 
workpiece. 

Full-width teeth for semifinishing and fin- 
ishing are located behind the roughing teeth 
on progressive broaches so that the entire 
surface is cut in one pass. For narrow 
surfaces, the teeth or inserts at the starting 
end are V-shaped. On subsequent teeth, the 
vees gradually widen until the full required 
width of the surface is cut. The final teeth 
are flat, similar to those on a slab broach. 

Pull broaches, as the name implies, are 
pulled through or against the surface of the 
workpiece. Most internal broaching is done 






with pull broaches. Because there is no 
problem of bending, pull broaches can be 
longer than push broaches for the same size 
of hole. and they can also remove more 
stock in one pass. Pull broaches сап be 
made to long lengths. but cost usually limits 
the length of solid pull broaches to approx- 
imately 2.1 т (7 ft). Broaches longer than 
2.1 m (7 fü are usually made up of sections 
similar to shell broaches because the cost is 
less for replacing a damaged or worn sec- 
tion than for replacing the entire broach. 

Push broaches, for internal broaching, 
are necessarily shorter than pull broaches 
because of the problem of bending under 
load. Push broaches are used for broaching 
blind holes (Fig. 6) or for multiple-station 
broaching machines in which several short 
broaches, rather than a single long broach, 
are used to reduce the time required for a 
given operation. 


Broach Tool Materials 


Hardened high-speed tool steel is by far 
the most widely used material for solid 
broaches or for the cutting teeth of other 
types of broaches. The tools are usually 
ground to final dimensions after hardening. 
The grade of high-speed tool steel is normal- 
ly chosen on the basis of minimum overall 
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Fig. 17 Tee types of rotory-cut brooching tools designed to penetrate rough skins, os on castings and forgings, without exceeding the power ratings of a broaching 
g. machine. (a) Hexagonal rotary cut. (b) Radial rotary cut. (c) Spline rotary cut 


cost, balancing tool life and production rate 
against tool cost (material, heat treatment, 
fabrication, and regrinding for reuse). 

High-Speed Tool Steels. In the early 
stages of broaching technology, broach 
tools were made from water-hardening tool 
steels. These tools were used on slow, 
screw-lype broaching machines, With the 
introduction of new machines with higher 
speeds and greater production rates, high- 
speed tool steels became the principal ma- 
terials for broach tooling. The following is a 
list of typical tool steels and the materials 
that are commonly broached with these 
steels: 


* M2 tool steel: General use. including 
brass. aluminum, magnesium, and the 
following steels: 1020, 1063, 1112, 1340, 
1345, B-1113. 4140. 4340, 5140. 8620 (26 
HRC), type 347 stainless steel, and type 
416 stainless steel (35 to 40 HRC) 

M3 tool steel: Aluminum castings, cast 
irons, A-286 (32 to 38 HRC), Greek As- 
coloy (32 to 38 HRC), M-252, D-979 (40 
HRC), and the following st 4140 (32 
HRC), 4337 (29 to 23 HRC), 4340 (32 to 
38 HRC), 8617 (30 to 36 HRC), 8620 (32 
HRC), 9310 (36 to 38 HRC), 9840 (32 to 
36 HRC), type 403 stainless (37 to 40 
HRC) 

M4 (or T5) tool steel: Cast irons 

72 tool steel: Steels: 1112, 4340 (35 to 40 
HRC), type 403 stainless (30 to 35 HRC); 
titanium alloys, PWA-682 Ti (36 HRC), 
Lapelloy (30 to 35 HRC), Greek Ascoloy 
(32 to 38 HRC), 19-9DL (20 to 27 НКС). 
and Discalloy (23 to 32 HRC) 

T5 tool steel: A-286 (29 HRC), Chromal- 
loy (30 to 35 HRC), Incoloy 901, and 
PWA-682 Ti (34 to 36 HRC) 

ТЇЗ tool steel: Aluminum 2219, A-286 (32 
to 36 HRC), Stellite, 17-22 A(S) (29 to 34 
HRC), N-155 (30 to 40 HRC), AMS 4925 
titanium (32 to 40 HRC), Waspaloy. In- 
coloy 901 (32 to 36 HRC), and the follow- 
ing steels: heat-resistant steels, conven- 
tional alloy steel forgings, 4340 (35 to 40 









HRC), 52100, 9310 (26 to 30 HRC), and 
17-4PH 


Carbide-Tip Cutters. Most of the carbide 
cutters used to broach cast iron are used in 
flat surface broaching applications, 
though contoured cast iron surfaces have 
been broached successfully. Surface 
broaching of pine-tree slots has been at- 
tempted with carbides on high-temperature 
alloy turbine wheels, but with little success. 
‘The carbide edges tend to chip on the first 
stroke. 

Carbide-tip broaches are seldom used on 
conventional steel parts and forgings. One 
reason is that good performance is obtained 
from high-speed steel tools; another is that 
the low cutting speeds of most broaching 
operations (from 3.7 to 9 m/min, or 12 to 30 
sfm) do not lend themselves to the advan- 
tages of carbide tooling. The success of 
carbide tooling on cast irons is due to the 
resistance of carbide to abrasion on the tool 
flank below the cutting edge. 

Another problem with carbide-tip tools is 
that a broaching machine work fixture must 
be exceptionally rigid to prevent chipping of 
the cutting edge. Experimental work with 
extra-rigid tools and workpiece fixtures, 
however, has shown that tool life and sur- 
face finish can be greatly improved with 
carbide-tip tools, even when used on alloy 
steel forgings. 

Cast high-speed tool steels are seldom 
used in broaches. One property of the cast 
tool materials that prohibits their use in 
monolithic internal pull broaches is low 
tensile strength. Most cast alloys that can 
attain a hardness of 60 HRC or higher do 
not have ultimate tensile strengths much in 
excess of 585 MPa (85 ksi). 

To provide the optimum combination of 
abrasion resistance and toughness, broach 
cutting teeth are normally hardened to 64 to 
66 HRC for the general-purpose grade. 
ranging upward for the more highly alloyed 
grades to a maximum of 66 to 68 HRC for 
TIS. For longer tool life, surface treatments 











such as nitriding or oxidizing are sometimes 
employed. Nitriding increases superficial 
hardness, and both nitriding and oxidizing 
minimize sticking or welding of the tool to 
the work material. Chromium plating will 
also minimize sticking, although this plating 
is prone to chipping. 

Carbide inserts or rings are used to a 
limited extent in internal broaching. primar- 
ily on small parts made of free-machining 
materials such as gray iron, usually in ap- 
plications requiring extremely close toler- 

es at high production rates. Broaching of 
astings, in which a carbide tool can 
cut through local hard spots with less tool 
damage than high-speed tool steel, is anoth- 
er application of carbide inserts. 









Broach Design 


Basic broach design is shown in Fig. 13. 
which presents the dimensional details of a 
typical pull broach for producing a round 
hole. This broach has been used for the 
production broaching of a hole 25.36/25.31 
mm (0.9985/0.9965 in.) in diameter in a 


i 
c 


H One-piece (а) and sectional (b) progres- 
Fig. 18 „осе: Top and side views of both 
types are shown. 
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normalized forged steel steering knuckle. A 
starting hole 23.8 mm (!%e in.) in diameter 
was drilled through the forging to accommo- 
date the broach. As shown in Fig. 13, the 
first cutting tooth of this broach is 23.6 mm 
(0.930 in.) in diameter. and each tooth in the 
roughing section increases 0.0475 mm 
(0.00187 in.) in diameter over the one pre- 
ceding it (the first three or four teeth may 
cut little or nothing, depending on the exact 
size of the drilled hole). Thus, as the broach 
is pulled through the workpiece. cutting 
begins gradually, and as each succeeding 
tooth engages the work, it removes a small 
amount of metal. The progressive increase 
in tool diameter is usually greatest in the 
roughing section. In this broach, the in- 
crease is 0.0475 mm (0.00187 in.) for the 
roughing teeth, 0.013 mm (0.0005 in.) for the 
first four tecth in the intermediate section, 
and 0.0065 mm (0.00025 in.) for the remain- 
ing teeth in the intermediate section. In the 
finishing section, all teeth are 25.36 mm 
(0.9985 in.) in diameter—the maximum per- 
missible diameter of the broached hole. 

Tooth contours are shown in the upper 
left corner of Fig. 13. The greater depth of 
the gullet and the greater pitch for teeth 1 
through 36 permit better chip accommoda- 
tion. This is essential, because these teeth 
make the greatest advance and therefore 
remove the most metal. The pitch length 
(distance between teeth) in both the rough- 
ing and the intermediate sections is stag- 
gered to prevent chatter às the broach is 
pulled through the work. 

Chip breakers (discussed in the section 
“Chip Breakers" in this article) are incor- 
porated in the roughing teeth and the first 
four intermediate teeth. as specified in the 
notes in Fig. 13. The chip breakers are 
staggered [rom tooth to tooth so that the 
ridges left in the workpiece surface by the 
discontinuities in any one tooth are re- 
moved by the tooth that follows. (Note that 
the last three intermediate teeth have no 
chip breakers, so that these teeth can re- 
move all traces of irregularities left by chip- 
breakers on preceding teeth before the first 
finishing tooth starts cutting.) 

Face (hook) angles for broach teeth are 
selected on the basis of hardness and duc- 
tility of the work metal. Metals that yield 
brittle chips. such as cast iron or leaded 
brasses, are usually cut most efficiently by 
teeth with a narrow face angle. Ductile 
materials, such as annealed or normalized 
steels, usually respond better to wider face 
angles. Face angles on broaches are similar 
to top rake angles on single-point tools. 
Recommended face angles. along with 
backoff angles. for various metals are given 
in Table 2. 

When broaching similar parts of different 
metals, a different face angle must often be 
used for each of the metals cut. 

Gullets. The shape of the gullets (chip 
spaces! of broach teeth influences the effi- 






































Table 2 Typical broach face and 
backoff angles 





















Wackoff 
Face angle. angle, 

Material degrees 

Aluminum... 6-10 

Babbitt ~.. -++--++ EMO 

Brass... Ino. SoS 

Bronze n 

Cast iron 6-10 

Copper 1s 

Zinc... 6 

Aluminum bronze 15 

SAE 1037 eae Bs 

SAE 1112 s ts 

SAE B-1113 = 15 

SAE 1340 2 

SAE 4140.. эз. BMS 

SAE 4337. ..........-.. BAS 

SAE 5140.......- 15 





SAE 5140 (Type 410 
stainless). 





SAE 930 


18 (roughing? 
20 (finishing) 
‘Type 303 stainless steel.. 15 

‘Type 304 stainless steel.. 15 





Type 403 stainless steel... 15-20 (roughing) 3 
30 (finishing) 5 

Type 431 stainless steel., Up to 28 

M308 15 3 

N-155 о 2 

Greek Ascoloy 15 3-3 

Chromalloy 15 3 

Lapelloy 1215 2 

A-286. 10-15 (roughing) 2-3 
15-18 (finishing) 

René 41 15 3 


Incolay 901 15 (roughing) 
18 (finishing! 
Titanium 140A 5-18 24 
Titanium 150A. 59 2-5 
Titanium PWA A682 .... 12-15 (roughing) 3 
15 (finishing) р 





Умее: Meralcutting: Today's. lechniques. for Engineers und 
Shap l'eevoniiel, McGraw-Hill, 1979 





ciency of the broaching operation and has a 
marked effect on broach life. To obtain 
maximum efficiency. it may be necessary 
when sharpening a broach to deviate from 
conventional gullet shape, as in the follow- 
ing example: 

Example 1: Gullet Redesign for In- 
creased Broach Life. Figure 19 shows orig- 
inal and revised designs of the gullet in teeth 
of a broach used for cutting fir-tree slots in 
a turbine wheel of Incoloy 901. The original 
full-radius design encourages the packing of 
chips in the gullet so tightly that they were 
almost impossible to remove by wire brush- 
ing. The broach became overheated be- 
cause of the transfer of heat from the 
packed-in chips. At times, the packing of 
chips in the gullet caused galling and tears in 
the broached surface of the workpiece. 

When the gullet was ground to the two- 
angle configuration shown as the improved 
design in Fig. 19, broach life increased from 
one piece per grind to three pieces per 
grind, and galling and tearing of the 
broached surface were eliminated. The 
change of gullet had no effect on the number 
of resharpenings; broaches could still be 
reground seven or eight times. 























Improved design 


t Revision of gullet configuration to elimi- 
Fig. 19 е problems in broaching Incoloy 901. 
Dimensions given in inches 





А Addition of chamfer to corners of broach 
Fig. 20 „е for increased tool life in the broach- 
ing of fir-tree slots in a turbine wheel 


Chamfered Edges. The sides of broach 
teeth used for forming configurations such 
as keyways or fir-tree slots are usually 
chamfered to prolong tool life. The need for 
chamfered teeth increases as the machin- 
ability of the work metal decreases. 

The amount of chamfer may be restricted 
by the shape being broached, but even as 
little as 0.13 mm (0.005 in.) chamfer is 
helpful. The following example demon- 
strates the beneficial effect of tooth chamfer 
in the broaching of heat-resistant alloys. 

Example 2: Addition of Chamfer to 
Prolong Tool Life When in Turbine 
Wheels. A cross section of one of 102 
fir-tree slots that were broached around the 
periphery of an aircraft engine turbine 
wheel made of Incoloy 901 is shown in Fig. 
20. The broach was made of T15 high-speed 
tool steel and was heat treated to 66 to 68 
HRC. ‘The wheels were broached in a 760 
KN (85 tonf) vertical machine with a 2290 
mm (90 in.) stroke at a speed of 3050 mm/ 
A broaching oil having a 
55 Saybolt Universal seconds 
(SUS) at 40 °C (100 °F), 2% fat content, 
0.8% active sulfur, and 2.1% Cl was used. 

Before a chamfer was added to the 
broach teeth (shown at bottom, Fig. 20), 
broach life was 19.2 wheels, and an average 
of two wheels could be broached between 
sharpenings. The addition of this 0.13 mm 
(0.005 in.) by 45° chamfer parallel to the 
broaching axis on the sharp corners of the 
teeth increased broach life to an average of 
24.8 wheels and increased to three the num- 
ber of wheels that could be broached be- 
tween sharpenings. The improvement in 


























broach life was assisted by improved grind- 
ing and resharpening procedures and by 
more careful handling of the broach. 

Effect of Tooth Design on Chatter. 
When chatter develops in broaching, loss of 
accuracy, poor surface finish on the work- 
piece, and excessive broach wear are prob- 
able results. With extreme chatter. the 
broach is likely to break. In broaching, cuts. 
are often interrupted, depending on the 
length of the section to be broached and the 
distance between successive cutting teeth. 
In general, the likelihood of chatter in- 
creases as the severity of the interruptions 
in cutting increases. 

Conventional broaches having circular 
teeth such as those shown in Fig. | and 13 
are more susceptible to chatter than special- 
ly designed broaches because there is à 
complete interruption after each cutting 
tooth. Either of two approaches is frequent- 
ly used in broach design to minimize inter- 
rupted cutting and chatter: 


* In broaching flat surfaces or several in- 
ternal splines spaced around a periphery. 
teeth staggered longitudinally provide a 
more uniform cutting action 

* When broaching round holes, a broach 
having helical teeth is an effective means 
of eliminating chatter 


Specially designed broaches are more ex- 
pensive than conventional types. but the 
increased broach cost is often justified. 


Chip Breakers 


Chip control is essential in all machining 
operations, but especially in broaching. In 
single-point machining such as lathe turn- 
ing, the chip leaves the cutter as soon us itis 
formed. In broaching. however, the chip 
stays in the gullet, or chip space, behind 
each tooth until that tooth clears the work- 
piece. Chip space is limited by the pitch of 
the teeth, and in small broaches by the root 
diameter of the broach. Thus, it is seldom 
possible to provide enough space for chips. 
particularly in small-diameter broaches. 

In broaching, therefore, chips must be 
controlled to keep chip-space requirements 
toa minimum and to facilitate chip removal. 
Broaches are provided with chip breakers, 
which are small grooves or notches approx- 
imately 0.8 to 2.4 mm (з to Y» in.) wide 
that transversely break the cutting edge and 
land of each roughing and semifinishing 
tooth (Fig. 21). These grooves break the 
continuity of the width of the chip. Thus, 
instead of one wide chip, several narrow 
chips are formed. These narrow chips are 
easily washed out by the cutting fluid, arc 
brushed out, or fall away when the gullet 
Clears the workpiece. 

Broaches that cut around holes especially 
require chip breakers. Without chip break- 
ers, the chips would be continuous rings 














Deep slotted 


Staggered simple 
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Staggered double-cut, heavy 
A 

















а) 
Alternate with 
Staggered smooth teeth Smooth finishing teeth 
b 
Fig. 21 Chip breakers on a flat broach (o) and a round broach (b). Notches that split the heavy chips con be 
g. either U-shaped or V-shaped breakers, 


that would be difficult to remove from the 
broach. In addition, the shape of the chips 
must permit them to drop into the chip 
space behind each tooth. Chip breakers 
accomplish this by making smaller chips. 

Chip breakers are staggered from tooth to 
tooth so that the ridge left by the chip 
breaker in one tooth is removed by the 
tooth immediately following. Generally, fin- 
ishing teeth have no chip breakers, although 
some broaches require them in the first few 
teeth. 





Fixtures 


In broaching, as in other machining oper- 
ations, fixturing of the workpi is re- 
quired. Broaching fixtures have several 
functions. They must locate the workpiece 
curately and hold it securely. For certain 
applications. such as broaching helical 
gears, the fixture must position the part 
accurately and firmly, yet permit the part to 
rotate as required. Fixtures can be used to 
carry workpieces and out of the broach- 
i ition or to carry them from one 
broaching position to another where more 
than one broach is required. Fixtures can 
also be used to guide the broach when it 
moves over or through the workpiece. 

Fixtures used in broaching must not ob- 
struct the removal of chips. Broaching fix- 
lures must provide more holding force and 
more rigidity and support than fixtures for 
most other machining operations because 


























more teeth are cutting at any one time than 
is typical for other operations. 

Broaching fixtures can be manual, semi- 
automatic, or automatic. Cost consider- 
ations and the quality of parts to be 
broached will largely determine the type of. 
fixture used. Semiautomatic and automatic 
fixtures can be operated pneumatically, hy- 
draulically, or mechanically, 

Types of Fixtures. The fixture used can 
be as simple as a concave backup plate for 
positioning the piece. The pressure of the 
plate on the workpiece holds it firmly as the 
broach is pulled through. 

A simple fixture known as a work horn is 
a special type of faceplate used when 
broaching keyways (Fig. 22). A ground di- 
ameter on the back of the horn fits snugly 
into the machine platen or into a reducing 
bushing. depending on the size of the work- 
piece. A round pilot on the opposite end is 
ground approximately 0.025 mm (0.001 in.) 
smaller than the hole in the work for accu- 
rate positioning of the work. The horn is 
slotted to provide a guide for the broach. 
The depth of the slot in the horn and the 
height of the last tooth on the keyway 
broach determine the depth of the broached 
keyway. The horn is hardened, and all 
functioning surfaces are ground to size. All 
faces of the horn are accurately produced to 
hold the workpiece square and parallel to 
the axis of broach travel. The force applied 
10 the workpiece by the broach as it is being 
pulled through the cut holds the workpiece 
firmly in position. 
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Work horn that positions part and guides 
broach during the broaching of a keyway 


Fig. 22 


A major trend in fixture design is the 
automation of fixture action to assist in the 
integration of broaching machines into 
transfer lines and other automatic machin- 
ing systems. A second trend is toward uni- 
versal fixtures that can hold similar, but not 
necessarily identical, workpieces. 


Selection of Broach Length 


Length of the broach is usually deter- 
mined by three interrelated factors: 





* Material to be broached 
ө Type of cut 
* Dimensions of the cut 


The material to be cut has a double 
influence on the required length of the 
broach or broach holder. In the broaching 
of hard metals, chips must be thinner to 
avoid damage to the broach teeth and to 
reduce power requirements: therefore. 
more teeth are required to remove hard 
metal than to remove the same amount of 
soft metal that permits deeper cuts 

The type of work metal determines the 
type of chip. Brass and cast iron produce 
chips that break up readily and can be 
packed into a smaller volume than chips 
from malleable iron, steel, aluminum, and 
titanium, which produce continuous chips 
that coil and fill more space. Larger gullets 
(chip spaces) must be provided for the met- 
als that form coiled chips (Fig. 23). In some 
broaches, the gullet can be made deeper to 
accommodate the greater chip volume. In 
other broaches, however, deepening the 
gullet would make the broach too weak for 
service, and as a result the pitch of the teeth 
ncreased, permitting a longer gullet and 
increasing the length of the broach and the 
stroke. 

Type of cut—that is, whether the cut is 
internal or external or whether it is a simple 
cut or one with a keyway, spline, or dove- 
tail shape—influences the length of the 
broach. For example, if a dovetail form is to 
be broached, the broach must be almost 
twice as long as required for the keyway 
slot of comparable size. This is because the 
general procedure is first to broach a simple 
slot and then to follow with cutters that will 
shape and size the dovetail form. 























Chips 


Fig. 23 Senate of a fertonem gullet, which 
id provides an extended space between 
to hold more chips 


The length and depth of cut may have 
the greatest influence on the length of the 
broach, particularly on internal cuts. Chips 
accumulate in the gullets of the teeth. As 
the cut increases in length, more chip ca- 
pacity is required for the same amount of 
tooth advance. Adequate space must be 
provided to prevent damage to the broach 
or the surface being broached. It is desir- 
able that chips be loose enough in the gullet 
so that they fall away (or can be washed 
away) from the broach when the gullet 
clears the work. Therefore, for increased 
length of cut, the size of the gullet is in- 
creased, the amount of step per tooth is 
decreased, or both. For similar materials 
and the removal of similar amounts of met- 
al, the broach must increase in length pro- 
portionately as the surface to be broached 
increases in length. 


Selection of Stroke Speed 


The major consideration in the selection 
of optimum broaching speed is the need to 
operate at the lowest overall cost. Related 
considerations are type and hardness of the 
work metal, rigidity of the workpiece, and 
length of the cut. 

Cost. Up toa point, increasing the broach 
speed will increase the number of pieces 
that can be produced per hour. Beyond that 
point, however, as broach speed is in- 
creased, the number of parts that can be 
produced between sharpenings (and there- 
fore the total parts produced by a broach) 
will decrease. Maximum efficiency and 
minimum cost are achieved when that point 
is determined. 

Initial broach cost, setup costs, and 
broach maintenance costs are relatively 
high when compared to cost per man-hour 
of machining time. Therefore, the maximum 
number of acceptable pieces that can be 
produced between sharpenings has a great- 
er influence on maximum efficiency and 
minimum cost than does the total number of 
pieces produced per hour. 

Work Metal. In general, steels аге 
broached at speeds of 18 to 24 m/min (60 to 
80 sfm). The speed will vary with the hard- 
ness of the steel. Hard or tough steels are 








broached at lower speeds than the free- 
machining types. Some steels that are rela- 
tively soft are difficult to broach without 
galling or tearing, which results in unaccept- 
able surface finish. Although this can often 
be corrected by changing the tooth angle or 
the cutting fluid, an increase in cutter speed 
will also provide a better finish. Nominal 
speeds and feeds per tooth for broaching 
carbon and alloy steels are given in Table 3. 

Stainless steels are broached at speeds 
ranging from 1.5 m/min (5 sfm), for the 
harder types. to 7.6 m/min (25 sfm), for the 
free-machining types. Cast iron and mallea- 
ble iron are broached at speeds up to 9.1 m/ 
min (30 sfm) with high-speed steel broaches 
and at 37 m/min (120 sfm) with carbide 
broaches. 

Brass and bronze are broached at speeds 
of 7.5 to 9 m/min (25 to 30 sfm). Aluminum 
and magnesium can usually be broached at 
the highest speed of which a machine is 
capable. With tough alloys such as A-286, 
René 41, and AM-355, optimum broach life 
is obtained at specds below 6 m/min (20 
sfm) and sometimes as low as 1.5 m/min (5 
sfm). Additional information on speeds 
and feeds for broaching metals other than 
steel is available in the Section "Ma- 
chining of Specific Metals and Alloys" in 
this Volume. 

The rigidity of the part and the fixturing 
employed affects the most efficient cutting 
speed of the broach. Slight movement of the 
part, or vibration set up from cutter contact, 
can cause fracture of the cutting edge of the 
broach. High cutting speed usually in- 
creases the occurrence of fractured edges. 

Length of Cut. All other factors being 
equal, surface speed must be decreased as 
the length of material to be broached in- 
creases. Broach life can be shortened if high 
speeds are employed in the cutting of long 
areas because of the heat generated. 
Trapped chips and restricted cutting fluid 
exposure (especially in horizontal broach- 
ing) usually generate more heat than in à 
similar operation with a shorter length to 
broach. 





Cutting Fluids 


Oils that are relatively high in viscosity 
and contain substantial amounts of fat, plus 
compounds of sulfur or chlorine or both, are 
most commonly used as cutting fluids for 
broaching steel, stainless steel, and cast 
iron. These oils are sometimes used for 
broaching other metals. These specially 
prepared oil-base compounds are propri- 
etary, but are readily available. They are 
frequently referred to as broaching oils 
though they are also used for other machin- 
ing operations. 

Steels of several compositions and hard- 
ness levels, as well as cast iron and he: 
resistant alloys, are work metals that typi- 
ly use oils having a viscosity of 
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Table 3 Feeds and speeds for broaching various steels with high-speed tool steels and carbide tools 


Hardness, Speed Chip load. Tool material grade 
маны нв Condition lues ч a њо Astor C 








Wrought free-machining carbon steels 
Low-carbon resulfurized 














WOR 115 "us 1212 100-150 Hot rolled or annealed. и 35 0.10 0.004 м2, M7 
ne 116 guo pn 150-200 Cold drawn 9 30 0.10 0.004 M2. M7 
10 m7 п 1215 
Medium-carbon resulfurized 
из? 1MO 14% 175-225 Hot rolled, normalized, annealed. or 75 25 0.075 0.003 $4.82 M2. M7 
M37 gto 146 cold drawn 
из А4 ISI 325-375 Quenched and tempered 5 15 0.05 0.002 59, Sla) — TIS, M42) 
Low-carbon leaded 
шк 121.14 100-150 —— Hot rolled, normalized. annealed. or 12 40 0.10 0.004 54, 52 м2, M7 
пыт 12115 cold drawn 
RL 200-250 Hot rolled, normalized. annealed. ог " 35 04075 0,003 M2, M7 
cold drawn 
Wrought carbon steels 
Low carbon 
105 1012 1019 1026 85-125 — Hot rolled, normalized. annealed, ог У 0 0.10 0,004) 54, 82 M2, M7 
1006 — 1013. 1020 — 1029 cold drawn 
100к 1015 юз 1513 225-2775 Annealed or cold drawn 5 15 0.075 0.003 54, 82 M2. M7 


1009 1006 1022 1514 
юш 1007 зз 1522 





юп QOIS 102% 
Medium carbon 
1050 — 1042. юз 1541 125-175 Hot rolled, normalized, annealed. or 75 25 0.075 0.003 5а, 82 м7 
з 1043. 0% 1547 cold drawn. 
1035 — 1044 1548 325-378 Quenched und tempered 3 10 005 0.002 89, Siw — TIS, M42) 
1037 1045 1551 
10зк 1046 1592 
1039 1049 
1040 1050 








Wrought alloy steels 

Low carbon. | 
ю 4615 4817 867 Hot rolled, annealed. or cold drawn 75 25 0,075 0.003 2 M2, M7 
4023 чыт 4820 — 620 Normalized, or quenched and tempered 3 10 0.05 0.002 S9, Sla) — TIS, M420) 
404 4620 SOIS — 622 | 
4н 4621 SUIS 8822 | 
4300 47IB 5120 — 9310 
4419 4720. вн 94BIS 
44220 ABIS RIIS MBI? 
































Medium carbon 
130. 4047 аы — 5060 Hor rolled. annealed, or cold dra 6 20 010 0.004 54. 52 M2. M7 
IMS. 4130 4MO — SOBO0 Normalized, or quenched and tempered 3 10 0.05 0002 59, SI) ТІ, Маар 
1340 4135 4407 SIMI 
IMS 4137 4620 SI 
4027 4140 50840 513 
4028 4147 SOB44 5140 
4032 4145 446 5145 
4037 4147 50846 5147 
4092 4150 50850 S150 
SISS 8627 BOBAS 9254 
5160 S630 — S650 
51В60 637  &655 9260 
6150 8640 8660 — "4B30 | 
NIBAS 8642 8740 
A625. NOMS R742 

High carbon. | 
50100 $2100 175-225 — Hot rolled, annealed, or cold drawn 6 20 оло (O00 54.52 M2, M7 
51% M-50 325375 Normalized. or quenched and tempered 3 19 0.05 0.002 59. Sla) — TIS, Mata) 

Wrought stainless steels 

Ferritic 
405 49 d a 135-185 Annealed 6 20 0075 0.003 5а, 52 м2, M7 
49 40 в 4% 

‘Austenitic 
21 м эп xs 135.185 Annealed 6 20 0.075 0.003 M2, M? 

эм. MT 25.275 Cold drawn E 15 0.075 0.003 Wa) Т1, M42) 
3 305 мк 
302 308 — 34 

Martensitic 
юз 422 135-175 Annealed 5 3 0.10 0.004 M2. M7 
ao 501 275-325 Quenched and tempered 5 15 0.05 0.002 May Т15, МАЗа) 
40 502 

ш) Any premium high-speed steel (TIS, МЭЗ, M4I-M47) or (59,510, 11, S12), Source: Metcu! Kesearch Associates Ine 
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Table 4 Effect of workpiece hardness on broach life in internal 


broaching of steel 


For all operations, broaches were of M2 high-speed tool steel, ond the cutting fluid was a chlorinated sulfur-base 


oil with lard ой added to obtain a suitable viscosity. 











Length of cut Shape Pieces broached Pieces per Total pieces 

Steel and hardness mm in. broached per hour sharpening per broach 
1020, 3-16 HRC .M91 1.375 Square 50-70 2500 48 000 
1026. 16 HRC 15:37 0605 Spline 90-120 000 36 000 
3620, 25-30 HRC 38.1 LSO  Serrations 60-90 1500 28 500 
2446 — 0,968 — Spline 90-120 1000 24 000 








approximately 155 SUS and containing 2% 
fat, 0.8% active sulfur, and 2.1% СІ. 
Broaching oils are considered most effec- 
live in preventing the adherence of work 
metal to the broach, thus producing the best 
finishes, dimensional accuracy, and broach 
life, other conditions being equal. Discrim- 
inating selection among the various propri- 
etary broaching oils is usually based on 
experience with similar applications, and if 
tool life or finish on the part is poor, a 
change of broaching oil should be tried. The 
disadvantages of broaching oils are: 


e Higher initial cost than for common cut- 





ting oils 

ө Staining of some metals, such as copper 
alloys 

© Necessity for 100% removal from he: 





resisting alloys before they are heat tre: 
ed or placed in high-temperature service 

е Poorer ability to cool and remove chips 
than some other cutting fluids, such as 
soluble-oil emulsions, because of their 
higher viscosity 


Water-soluble oils (1 part oil mixed with 15 
to 20 parts water) are being increasingly used. 
They provide acceptable results in the 
broaching of steel and other metals. Water- 
soluble oils are more effective for cooling and 
flushing chips away, but are far less effective 
for preventing adherence of the work metal to 
the broach than are the broaching oils. 

Aluminum and some other soft nonfer- 
rous metals are sometimes broached with- 
out cutting fluid. although there are light 
oils that are specially prepared for broach- 
ing aluminum. Copper alloys are suscepti- 
ble to staining from oils containing sulfur 
and chlorine. When staining cannot be tol- 
erated, kerosene containing 10 to 20% lard 
oil is often used. 

Cast iron is sometimes broached without 
cutting fluid, Whether or not a cutting fluid 
is used depends to a large extent on the 
need for cooling and chip removal because 
cast iron is a free-cutting metal. 

Regardless of which cutting fluid is used. 
it is of utmost importance to obtain an 
adequate supply at the cutting edges. This is 
more easily accomplished їп rtical 
broaching than in horizontal broaching. In 
some horizontal broaching, the problem of 
supply at the critical areas can be solved 
only by coating the workpieces with an 
extremely viscous cutting fluid before 














broaching. However, pumps supplied with 
the machines will usually force the cutting 
fluid into critical areas. Additional informa- 
tion on cutting fluids is available in the 
Section “Machining of Specific Metals and 
Alloys" and the article "Metal Cutting and 
Grinding Fluids" in this Volume. 


EHect of Work Metal and 
Hardness on Broach Life 


Some metals such as René 41, are inher- 
ently difficult to broach and have a detri- 
mental effect on broach life. Two factors 
that influence broach life are work metal 
hardness and carbon content. 

Hardness. The effect of the hardness of the 
workpiece on broach life, and therefore on 
broach cost per piece broached, is indicated 
in Table 4, which compares results obtained 
in broaching internal shapes in four different 
production parts, each of a different steel and 
hardness. Although these data indicate that 
total pieces per broach decreased as work- 
piece hardness increased, it should not be 
assumed that soft metals are always casily 
broached. Some metals (steels in particular) 
are too soft to be broached successfully be- 
cause they readily become welded to the 
cutting edges of the broach. This results in 
decreased production, shorter tool life, and 
increased operating costs. Welding can be 
minimized by the use of highly chlorinated or 
sulfurized cutting oils and by providing 
broach teeth with extremely high face and 
relief angles. High relief angles, however, 
reduce the number of regrinds possible before 
the broach loses its ability to hold dimen- 
sions. This reduces the effective life of the 
broach and can add substantially to overall 
production cost. When practical, hardening 
of steel workpieces to 22 to 28 HRC is often a 
better solution. Much of the welding will be 
eliminated. 

Effect of Carbon Content. Low-carbon 
steels (<0.25% C) in the annealed condition 
are often more difficult to broach than me- 
dium-carbon steels. This is because low- 
carbon steels have a greater tendency to 
weld to the broach teeth. Heat treatment is 
not always practi 




















Dimensional Accuracy 


Broaching is capable of providing and 
maintaining close tolerances during a long 


production run. Table 5 lists commonly 
broached work metals and typically ob- 
tained tolerance and surface finish results. 
This is inherent in the process for several 
reasons. Although broaching combines 
roughing and finishing cuts in a single 
broach, no single broach tooth performs 
both functions. Each successive tooth re- 
moves only a predetermined amount of met- 
al and is in cutting contact only as long as it 
takes to pass over the work one time; there- 
fore, a minimum amount of heat is devel- 
oped. In addition. the finishing teeth are 
shielded from the heavier cuts by both the 
roughing and the intermediate teeth, thus 
giving the finishing teeth maximum produc- 
tion life. 

The shape of the broach tooth permits 
repeated sharpening without loss of accura- 
cy. Finishing teeth may have flat lands 0.13 
to 0.76 mm (0.005 to 0.030 in.) in width on 
cach tooth. Thus, a tooth can be sharpened 
without sacrificing any dimension. Howev- 
er, this land must be held to a practical 
minimum. A straight land increases friction, 
and the resulting heat may cause the broach 
to expand enough to cause galling of the 
broached surface or even to exceed the 
tolerance. 

It is unnecessary to sharpen all finishing 
teeth each time the tool is sharpened. 
Common practice is to sharpen only the 
first, or the first and second finishing teeth 
until they have become undersize. Then 
the second, or the third and fourth teeth 
are sharpened (depending on whether a 
single tooth or two teeth are sharpened 
each time) when the broach has again 
become dull. This practice permits. the 
broach to hold tolerance for a long produc- 
tion run. Typical variations in dimensions 
obtained in production applications of 
broaching are given in the following exam- 
ple. 

Example 3: Variations Found in 
Broaching Keyways. The nodular iron 
casting shown in Fig. 24 required a key- 
wayed through hole broached to the dimen- 
sions shown. Parts were broached at the 
rate of 152 per hour. Approximately 1000 
pieces could be broached between regrinds, 
and the broaches usually could be reground 
eight times. Figure 24 plots keyway width at 
entrance and exit ends of every fifth piece in 
а 250-piece batch. 

Because the part shown in Fig. 24 is a 
rigid casting. the difference in spread be- 
tween the entering and the exiting dimen- 
sions (particularly for dimension B) points 
out a condition that must be considered in 
broaching parts with relatively thin walls. 
The shape and sharpness of the broach 
teeth strongly influence the generated forc- 
es that tend to push the part walls outward. 
To maintain tolerances on some thin-wall 
parts, it may be necessary to revise the 
shape of the broach tecth or to increase the 
frequency of sharpening. Differences in the 
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broached. Frail workpieces are not good 





Table 5 Commonly broached materials and typical results 
























































TE [eem Tolerance | [o Fem subjects for broaching. because. they cannot 
Metal ireatmentia) HRC mm im. ym ps: withstand the large forces imposed by the 
D Aurere © 70 HRB оз 0002 80-115 yar Process seithout distortion or bredlape, For 
214-16 Al G 70 HRB 0.088 0.0023 0.80 E example. automobile engines have been re- 
Ti-6AL4V i Е 36-36 0.019 0.00075 0.61-0.80 an designed to reduce weight and to save fuel. 
EUREN ENS i 2 005 00; 200 3) Тһе engine blocks had previously been 
SAE (type Bhawani 6 0.05 0.002 1 63 ^+. ў cn B à " 
Greek Ascoloy .. П 32-38 0025 бф 0.89-1.07 3542 broached.. Butit: Bas Begs found йш thë 
Inconel Ў s sov А 85 HRB 0.13 0.005 2.00 во thinner walls of some of the engine blocks 
Inconel X... è H 29 0.025 0.001 око 2 cannot withstand the broaching forces and 
Timken 16-25-6 F 2-28 0.025 0.001 0.80-1.60 32-63 more costly milling is necessary. Sur- 
AD à 2 2 d ee) 
‘a 9 AM ro Бп. n 12 faces that run in the same general direction 
32-38 0015 0.0006 0.80 can often be broached at the same time, but 
ЖАШ ЛЕ 6 ean 0.025 0.001 0.80-1.00 3x40 surfaces not so related generally must bc 
E 2 . E : x oe woe 1.60 & broached separately. A hole and a perpen- 
: Б asd b. Tm m G dicular face can be machined in one opera- 
E 025 оо! 1.50 : Pa SUA j chine, b 
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depth of broached keyways at the entrance 
and exit ends are common. To compensate 
for the differences, the slot in the horn is 
often tapered, 


Broaching Versus 
Alternative Processes 


Many parts can be produced by more 
than one process, Selecting the most effi- 
cient process requires consideration of 
available equipment, quantity to be pro- 
duced. dimensional accuracy, surface fin- 
ish, and workpiece material. 

The main advantage of broaching is 
that it is fast; it commonly takes only sec- 
onds to accomplish a task that would re- 
quire minutes with any other method. Little 
skill is needed to operate a broaching ma- 
chine (all the skill is built in the tooling), and 
automation is easily arranged. Good finish 

















and accuracy are obtained over the life of a 
broach because roughing and finishing are 
done by separate teeth. 

Limitations of Broaching. The main dis- 
advantage of broaching is that broaches are 
costly to make and sharpen. Standard 
broaches are available. but most broaches 
are made especially for and can do only one 
job. 

Special precautions may be necessary in 
founding or forging to control variations in 
stock. and additional operations for remov- 
ing excess stock may have to be added 
before broaching to protect the broach. 
These add to the overall cost of manufac- 
luring. 

Some of the limitations of broaching 
make it impracticable for certain work. A 
surface cannot be broached if it has an 
obstruction across the path of broach trav- 
Blind holes and pockets normally are not 














has more cutting edges than a reamer, in 
milling as in reaming. each cutting tooth is 
required to do more work than is performed 
by any one tooth on a broach, 

Broaching Versus Gear-Shaping Oper- 
ations. Broaches are expensive tools, and 
any revision in the design of a gear (such as 
a change in the number of teeth or the pitch 
diameter) would require a new broach, Fur- 
thermore, broaching costs are directly af- 
fected by the hardness of the material to be 
broached and by the tolerances applied to 
the broached shape. The flexibility of gear 
shapers minimizes these problems: the 
same shaping cutter can be used for gears 
having the same diametral pitch and pres- 
sure angle but having a different number of 
teeth and modified pitch diameters. Gear 
shapers can also be adjusted to compensate 
for cutter wear. 

Combination Broaching and Boring. In 
many applications where holes to be ma- 
chined are no larger than approximately 150 
mm (6 in.) in diameter (boring is in bly 
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more practical for larger holes). broaching 
and boring are alternative processes. When 
keyways or other internal forms are re- 
quired, it is common practice to bore the 
hole and then to broach the keyway. How- 
ever, for production quantities, the hole can 
be broached with the key slot in one oper- 
ation, using a broach of proper design. 





Burnishing is often done in conjunction 
with broaching for one or more of the 
following reasons: 


* To provide a smoother surface than can 
be obtained by broaching 

е To provide greater accuracy in the diam- 
eter of the hole 

ө To provide а hole with a better wearing 
surface 


Burnishing is accomplished by the use of 
either a broach designed especially for bur- 
nishing (Fig. 25a) or a broach in which. 
burnishing buttons have been incorporated 
following the finishing teeth (Fig. 25b). A 
burnishing broach produces a glazed sur- 
face ina steel, cast iron, or nonferrous hole. 
Burnishing teeth are rounded, They do not 
cut the surface metal, but compress and 
cold work it. 

The total change in diameter produced by 
a burnishing operation may be no more than 
0.013 to 0.025 mm (0.0005 to 0.001 in.). 
Оцука, оі кед лет surface finish 
and accuracy аге critical. are relatively 
short and are generally designed as push 
broaches. 

Burnishing buttons are sometimes includ- 
ed behind the finishing-tooth section of a 
conventional broaching tool. The burnish- 
ing section can be added as a special attach- 
ment or an easily replaced shell. These 
replacement shells are commonly used to 
reduce tooling costs when high wear or tool 
breakage is expected. 

Although burnishing is usually done in a 
broaching machine. it can be done in con- 
junction with other machining operations in 
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other machines. A burnishing operation 
similar to ball sizing can be incorporated as 
one of the stations of a multiple-spindle 
automobile machine. This operation differs 
from ball sizing in two important respects. 
First, ball sizing is a separate operation in 
which neither the ball nor the workpiece 
rotates, while in a multiple-operation ma- 
chine, both the burnishing tool and the 
workpiece rotate. Second, in ball sizing. the 
pall is pressed through the workpiece, while 
in a multiple operation machine, the bur- 
nishing tool is pressed into or through the 
workpiece and withdrawn. Therefore, ball 
sizing is limited to through holes, but both 
through holes and blind holes can be fin- 
ished by a burnishing tool. Detailed infor- 
mation on burnishing is available in the 
article "Roller Burnishing" in this Volume. 





Causes and Prevention 
of Broach Breakage 


Broaches that are properly designed and 
well made seldom break in normal usc. 
Broach breakage is usually the result of 
poor processing practices (such as failure to 
maintain tooth sharpness, overloading, or 
improper sharpening), careless handling of 
the broach. or improper preparation or ex- 
cessive hardness of the workpiece. 

Poor Processing Practices. More force is 
required for pulling a dull broach through 
the workpiece than is required for a sharp 

broach. If à broach is sufficiently dull, force 
requirements may be increased by as much 
as 50%. Overloading can cause an increase 
in tensile load that results in broach break- 
age. For example, a broach designed to 
machine one piece at each pass may fail if 
two or more pieces are stacked and 
broached simultaneously. In addition. a 
broach designed to machine a soft, free- 
cutting material may break if the material is 
changed to one that is harder and tougher. 

Sharpening in a manner that changes the 
type of chip may cause breakage il. after 
sharpening. the chips pack in the gullets so 
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tightly that more force is required for mov- 
ing the broach through the workpiece. 

Careless Handling. Because broaches 
are extremely hard, and consequently brit- 
tle, they may break, rather than merely 
become nicked, if dropped. Another cause 
of breakage is returning the broach through 
the completed workpiece. Because there is 
a small amount of springback of the metal 
surrounding à broached hole, movement of 
the broach back through the hole would be 
restricted. 

Broaches can also be broken by being 
permitted to pass completely through the 
guide hole in the fixture. On the return 
stroke, the end of the broach can miss the 
guide hole and can jam between the platen 
and the fixture: this usually causes the 
broach to buckle and break, The stroke 
length should be set so that the trailing end 
of the broach remains in the guide hole at 
the end of the stroke. A rear pilot is some- 
times incorporated to guide the broach at 
the end of the stroke. 

Removing a stuck broach is an emergen- 
cy action that requires care to save the 
costly broach. Hand methods should be 
used because the broach may be broken if 
the machine is reversed to pull out the 
broach. The broach and the work should be 
removed from the machine. Light hammer 
blows, carefully placed, may remove the 
work from the broach. If not, the workpiece 
can be cut with a hacksaw (which will not 
cut the hard broach if it contacts it). A 
round workpiece with a stuck broach can be 
placed in a lathe. and the work can be cut 
away from the broach by turning. 

“Improper “rreparditon -ói the Werke 
piece. Misalignment of piercing punches 
entering from opposite sides of a forging, 

misalignment of cores from opposite sides 
for a through hole in a casting, ога bent 
hole made by a drifting drill may result in 
overloading of the teeth on one side of the 
broach. If this overloading exceeds the 
strength of the tool. teeth can break off, or 
the broach may break. In the simultaneous 
broaching of parallel holes, broach break- 
age can occur if the holes actually are not 
parallel or if their center-to-center distance 
is incorrect. Improper fixturing that establish- 


es the centerline of a hole to be broached in a 
position that is not the centerline of broach 
travel. will use uneven loading of the 
broach, which may cause breakage. 

Excessive workpiece hardness may 
cause broach breakage. This hardness may 
result from faulty heat treatment or from 
work hardening as a result of some previous 
processing operation. Machining operations 
such as drilling or boring, especially if the 
tools are dull, can increase the hardness of 
the part. The heat developed in poor grind- 
ing procedures can raise the hardness of 
some steels past the safe broaching range 
and can result in broach breakage. 





Because of the high initial cost of broaches 
and the amount of time required for produc- 
ing them, it is often advisable (and is common 
practice) to repair a damaged broach rather 
than to replace it. Usually, before a broach is 
repaired, the cost of a new broach is weighed 


against the amount of life left in the old 
broach and the cost of repairing it. Generally. 
a broach can be repaired in less time than is 
required for producing a new one. This is an 
important consideration if production lines 
require minimum downtime to meet output 
schedules. 

Repaired teeth usually last as long as the 
remaining original teeth. The repairs are 
made by building up the damaged section by 
welding, using the correct rod. Difficulty is 
seldom encountered after the sections are 
properly welded; however, there is some 
chance that the broach will crack during 
welding. 

Welding Methods. Broken broaches 
have been successfully welded by several 
different methods. However, welding inev- 
itably produces heat-affected zones in high- 
speed steel. Tempering can minimize, but 
not eliminate. the rehardened areas, and it 
will not eliminate the over-tempered re- 
gions. That requires a full anneal cycle and 
leads to distortion and rework problems. At 
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the very least a retemper is required, but 
this will not fully restore the properties of. 
the high-speed steel. The risk of a cracked 
broach or one with soft spots remains. 

The method selected depends largely on 
the type of break and the welding equip- 
ment available. When a broach is broken 
into two pieces, butt welding or butt brazing 
(addition of filler metal) is commonly used 
after the surfaces to be joined have been 
faced. Often, a new section must be insert- 
ed, thus requiring two butt-welded or butt- 
brazed joints. 

Broken teeth are usually repaired by arc 
welding. Gas welding has been used, but is 
generally less desirable than electric arc 
welding because the heat-affected areas are 
much larger in gas welding. Welding rods 
having a composition similar to that of. 
high-speed tool steel are available for elec- 
tric arc and gas welding. e weld metal 
hardens as it is deposited and cooled so that 
heat treatment of the repaired broach is not 
required after welding. 





A DRILL for cutting metal is a rotary end 
cutting tool with one or more cutting lips 
and usually one or more flutes for the 
passage of chips and the admission of cut- 
ting fluid. Drilling is usually the most effi- 
cient and economical method of cutting a 
hole in solid metal. 

Drilling is often done in conjunction with 
other machining operations. This article will 
discuss only those applications in which 
drilling is the sole or the major operation in 
a machining sequence. Additional informa- 
tion on drilling is presented in the Section 
“Machining of Specific Metals and Alloys” 
and in the article ""Multiple-Operation Ma- 
chining” in this Volume. 











Although most metals drilled are softer 
than 30 HRC. it is common practice to drill 
holes in metal as hard as 50 HRC, and steel 
at 60 HRC has been successfully drilled. 

Brittle material can be drilled by using 
backing material or special feed control to 
prevent damage at breakthrougl 

Hole Size. Most drilled holes are 3.2 to 38 
mm (4 to 15 in.) in diameter. Drills are 
commercially available. however, for drill- 
ing holes as smal mm (0.001 in.) in 
diameter (see the section "Small-Hole Drill- 
ing (Microdrilling)"" in this article), and spe- 
cial drills are available as large as 152 mm (6 
in.) in diameter. 

The length-to-diameter ratio of holes 
that can be successfully drilled depends on 
the method of driving the drill and on 
straightness requirements. In the simplest 
form of drilling (feeding a rotating twist drill 
into a fixed workpiece), optimum results are 
obtained when hole length is less than three 
times the diameter. However, by using spe- 
cial tools, equipment, and techniques. 
straight holes can be drilled in which length 
is more than eight times the diameter. 

















Types of Drilling Machines 


The basic work and tool motions that are 
required for drilling—relative rotation be- 
tween the workpiece and the tool. with 
relative longitudinal feeding—also occur in 
a number of other machining operations. 
Consequently. drilling can be done on a 
variety of machine tools, such as lathe: 
milling machines, and boring machines. 
"This section will focus on machines that are 
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designed. constructed. and used primarily 
for drilling. 

Drilling machines. called drill presses. 
consist of a base, a column that supports a 
powerhead, a spindle, and a worktable, as 
depicted in Fig. 1. On small machines. the 
base rests on a bench, but on larger ma- 
chines, it rests on the floor. A column on a 
base carries a table for the workpiece and à 
spindle head. The table is raised or lowered 
manually, often by an elevating screw. and 
can be clamped to the column for rigidity. 
Some tables are round and can be swiveled. 
On vertical drill presses with round col- 
umns, the tables can generally be swung out 
from under the spindle so that the work- 
pieces can be mounted on the base. 

The heart of any drilling machine is its 
spindle. To drill satisfactorily, the spindle 
must rotate accurately and must resist 
whatever side forces result from the drill- 
ing. In. virtually all machines, the spindle 
rotates in preloaded ball or tapered-roller 
bearings. The spindle that drives the cutting 
tool revolves in the nonrevolving quill that 
is fed up or down. Some machines have 
only hand feed; others have power feeds. 
Machines of this type can be equipped with 
а positive leadscrew for tapping and a spin- 
dle-reversing mechanism. As a rule, an ad- 
justable stop is provided to limit the d th 
of travel of the quill and, with power feed. 
to disengage the feed or reverse a tapping 
spindle at a definite depth. Most machines 
have a Morse taper hole in the end of the 
spindle, but small machines often have a 
drill chuck attached to the end of the spin- 
dle. The spindles of fractional-horsepower 
drill presses are usually driven by V-belts: 
larger spindles have gear transmissions. and 
some have multiple-speed motors. Numeri- 
cal control is also utilized. 

Drilling machines can usually be classi- 
fied as follows: bench, upright, radial. gang. 
le-spindle, deep-hole, transfer. and 
special-purpose. Although the term drill 
press is often used, particularly in referring 
to small, light-duty drilling machines, the 
latter term is used more frequently because 
of the power features that now are common. 











































Bench-Type Drilling Machines 
Bench-type drilling machines are classi- 
fied as either plain or sensitive drilling ma- 
chines. 
Plain bench-type machines are very 
common. The spindle rotates on ball bear- 
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ings within a nonrotating quill that can be 
moved up and down in the machine head to 
provide feed to the drill. The vertical mo- 
tion is imparted by a hand-operated capstan 
wheel through a pinion that meshes with a 
rack on the quill. A spring raises the quill- 
and-spindle assembly to the highest position 
when the hand lever is released. The spindle 
is driven by a step-cone pulley that rides on 
a splined shaft. thus imparting rotation 
regardless of the vertical position of the 
spindle. 
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Fig. 2 Ulrosensitive drilling machine (o) for producing small holes utilizes digital readout ond a stereoscopic 
9. 2 Microscope for accuracy. (b) Schematic of V-bearing mounting assembly, which minimizes tool breakage 


Presses of this type can usually drill holes 
up to 13 mm (V^ in.) in diameter and typi- 
cally offer a selection of eight spindle 
speeds varying from 600 to 3000 rev/min. 
Worktables often contain holes for use in 
clamping work. The same type of machine 
can be obtained with a long column so that 
it can stand on the floor instead of on a 
bench. 

The size of bench and upright drilling 
machines is designated by twice the dis- 
tance from the centerline of the spindle to 
the nearest point on the column; therefore, 
this is an indication of the maximum size of 
the work that can be drilled in the machine. 
For example, a 380 mm (15 in.) drill press 
will permit a hole to be drilled at the center 
of a workpiece 380 mm (15 in.) in diameter. 

Sensitive bench-type machines arc es- 
sentially the same as plain bench-type ma- 
chines except that they are usually smaller. 
have more accurate spindles and bearings. 
and operate at higher speeds—up to 30 000 
rev/min. Very sensitive, hand-operated 
feeding mechanisms are provided for use in 
drilling small holes. Such machines are ad- 
vantageous for feeding small drills to avoid 
breakage. 

Very small holes must be drilled on ultra- 
sensitive presses with spindles running 
quite true at high speeds; V-bearings are 
used in one design (Fig. 2). The action of the 
drill is observed through a microscope. 
Holes less than 25 рт (0.0010 in.) in diam- 
eter have been drilled, and diameters of 125 
pm (0.005 in.) are common in the instru- 
ment and timepiece industries. 








Upright Drilling Machines 

The term upright or vertical is applied to 
drilling machines that stand on the floor and 
have power spindle feed. Upright machines 
can be either single-spindle or turret-type 
units. 





Single-spindle machines are cssentially 
the same as bench-type units with respect to 
spindle design, but they are heavier. Up- 
right drilling machines are the most widely 
used type for heavy-duty drilling. Both 
round and box-column designs are manu- 
factured, but box-column machines are 
more common because of their rigidity. 

Upright drilling machines usually have 
spindle speed ranges from 60 to 3500 rev/min 
and power feed rates, in 4 to 12 steps, from 
0.10 to 0.64 mm/rev (0.004 to 0.025 in./rev). 
Most modern machines use a single-speed 
motor and geared transmissions to provide 
the range of speeds and feeds. Some units use 
multispeed electric motors to obtain at least 
some of the various spindle specds. 

Types of Spindle Drives. jous spindle- 
drive systems, all suitable for drilling, are 
used on upright machines. These systems 
include the following: 




















e Four-speed motor drive: The motor is 
mounted above and in line with the spin- 
dle or is belted to the spindle. Speeds are 
quickly and easily changed by the opera- 
tor, who can stand at floor level. This is a 
good system for a tapping or reversing 
drive, using the lower motor speeds, and 
is suitable for toolroom or medium-duty 
manufacturing. The horsepower available 
is limited for heavy-duty drilling 

e Multiple V-belt drive: This is a single- 

speed drive. generally used on single- 

purpose machines. It is a good reversing 
drive and can transmit high horsepower 

Step-pulley V-belt drive: Speed changes 

with this drive are slow because the op- 

erator has to climb a ladder to make a 

change. It is, however. a good general- 

purpose and reversing drive and can 
transmit high horsepower 

ө Ten-step, quick-change V-belt drive: This 
drive system provides ten speeds, ar- 
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ranged in a geometric progression, that 
can be quickly and easily changed from 
floor level. It is a good general-purpose 
drive for drilling and tapping and can 
transmit high horsepower 
ө Variable-speed drive: With this drive sys- 
tem, speeds are quickly and easily 
changed at floor level. This system pro- 
vides a good general-purpose drive for 
drilling. However, it is not a good revers- 
ing drive, because of the inertia of the 
belts and pulleys and because only mod- 
erate horsepowers can be transmitted 
ө Gearbox drive: With this general-purpose 
drive, four or more speeds can be belted 
or geared to the spindle, and speed 
changes can be made at floor level. Low- 
speed torque is excellent, high horsepow- 
ers can be transmitted, and it can be used 
for moderate-duty reversing 
Back-gear drive: This system, usually 
with a reduction from 4:1 to 6:1, doubles 
the number of speeds available from the 
various spindle drives. It also extends 
their range to lower speeds for large 
slow-running tools that require increased 
torque 








The feed clutch usually is designed to dis- 
engage automatically when the spindle 
reaches a preset depth or when it reaches 
the limits of its travel. 

The worktables on most upright drilling 
machines contain holes and slots for use in 
clamping work and nearly always have a 
channel around the edges to collect cutting 
fluid when it is used. On box-column ma- 
chines, the table is mounted on vertical 
ways on the front of the column and can be 
raised or lowered by means of a crank- 
operated elevating screw. 

Turret-type upright drilling machines, 
such as the unit illustrated in Fig. 3, are 
used where a series of holes of different size 
or a series of operations (such as center 
drilling, drilling. reaming, and spot facing) 
must be done repeatedly in succession. The 
turrets can be either radial or offset and 
have six, eight, or ten tools ready for use. 
After the selected tools are set in the turret, 
each can be quickly brought into position to 
be driven by the power spindle merely by 
rotating the turret. Such machines are par- 
ticularly adaptable for numerical control 
(Fig. 4), and the turret is typically mounted 
on a traveling column having 760 by 1525 
mm (30 by 60 in.) movement. Turret-type 
machines are also ideal for use as machining 
centers (see the ion "Machining Cen- 
in the article " Multiple-Operation 
Machining" in this Volume). 











Radial Drilling Machines 

When several holes must be drilled at 
different locations on a large workpiece, 
radial drilling machines make it possible to 
move the drill spindle to the desired loca- 
tion instead of having to move and reclamp 
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the workpiece, as would be required on an 
ordinary upright drilling machine (Fig. 5). 
Thus, much nonproductive work is elimi- 
ated, and larger workpieces can readily be 
accommodated. 

Radial drilling machines have a large, 
heavy. round, vertical column supported on 
a large base. The column supports a radial 
arm that can be raised and lowered by 
power, und the entire column can rotate on 
the base. The spindle head. with its speed- 
and feed-changing mechanism, is mounted 
on the radial arm so that it can be moved 
horizontally to any desired position on the 
arm. Thus, by the combined movements of 
raising or lowering and swinging the radial 
arm, along with the horizontal movement of 
the spindle assembly, the spindle can be 
quickly brought into proper position for 
drilling holes at any desired point on a large 
workpiece mounted either on the base of 
the machine or on the floor. 

Radial drilling machines can be catego- 
rized as: 

















Plain radial drilling machines, which pro- 
vide only a vertical spindle motion 
Semiuniversal machines, in which the 
spindle head can be swung about a hori- 
zontal axis normal to the arm to permit 
the drilling of holes at an angle in a 
vertical plane 

ө Universal machines, in which an addi- 
tional angular adjustment is provided by 
the rotation of the radial arm about a 
horizontal axis, thus permitting holes to 
be drilled at any desired angle 





The size of a radial drilling machine is 
designated by the radius of the largest disk 
in which a center hole can be drilled when 











Fi 4 Solid-bed, sliding-heod drilling machine with 
19. 4 Cight-station tooling turret and two/three- 
axis numerical control 


ead is at its outermost position 
g machines are available in 
sizes from 0.9 to 3.7 m (3 to 12 fi). In 
addition. it is customary to give the diame- 
ter of the column when specifying size, but 
this is not always done. Column sizes range 
from 229 to 660 mm (9 to 26 in.). Most radial 
drilling machines have a wide range of feeds 
und speeds. For example, one typical ma- 
chine has 32 spindle speeds from 20 to 1600 
rev/min and 16 feeds from 0.076 to 3.18 mm/ 
rev (0.003 to 0.125 in./rev). These also in- 
clude leads for tapping 8, 11%. 14. and I8 
threads per 25 mm (1 in.). 

Work can be mounted directly on the 
base of a radial drill press. using the T-slots 
that are provided for bolting. Another pro- 
cedure is to use a worktable that is fastened 
to the base. When such a machine is used in 
mass-production work, special jigs or fix- 
tures can be attached to the base to hold the 
work. 

Special types of radial drilling machines 
are also available: 


























© Track-type machines rest on rails so that 
they can be moved and clamped in any 
desired position along the 

е Sliding-base machines have columns that 
can be moved along the base on ways to 
permit drilling over a wider area 

ө Portable modification of the sliding-base 
type can be readily picked up by an 
overhead crane and set down at a desired 
location 





Most radial drilling machines are equipped 
with adequately heavy spindle bearings so 
that they can also be used for boring (see 
the article "Boring" in this Volume). 


Gang Drilling Machines 

A gang drill press is the equivalent of two. 
three, four, six, or more upright or produc- 
tion drill presses in a row with a common 
base or table (Fig. 6). A gang drill can be set 
up so that work can be passed from spindle 
to spindle to undergo two or more opera- 
tions. In another mode, the same operation 
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Principal components of a radial drilling 
machine and their movements 
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Drill heads. 


Principal components of o gang driling 
mochine and their movements. 


Fig. 6 


can be performed at all spindles: the oper- 
ator unloads and loads the jig at each spin- 
dle in turn while the other spindles are 
cutting with automatic feed. 

On some gang drilling machines, the col- 
umns can be moved longitudinally along the 
base. Such machines are very useful in 
mass-production work, in which several re- 
lated operations (such as drilling, reaming, 
or counterboring holes of varying size) are 
donc on a single part. The work is slid along 
the table into position for the operation at 
cach spindle. 

Gang drill presses are available with and 
without power feed. One or several opera- 
tors can be used 





Multiple-Spindle 
Drilling Machines 

Multiple-spindle drilling machines have 2 
to 100 or more spindles per head and are 
driven with 75 kW (100 hp) motors. These 
machines can be used where a number of 
parallel holes must be drilled in a part in 
high-production applications. The several 














Fig. 7 Wiplespindle drilling machine of the 
9- 7 open-ide type incorporating a way design 


spindles are driven by a single powerhead 
and are fed simultaneously into the work 
(Fig. 7). The spindles are driven and can be 
adjusted over a limited area by means of 
sliding-bar guides. Because the areas that 
can be covered by adjacent spindles over- 
lap, the machine can be set up to drill holes 
at any location within its overall capacity 

For example, a typical machine having 20 
spindles can drill holes at any location with- 
ina 760 mm (30 in.) diam circle, A special 
drill jig is made for each job to provide 
accurate guidance for h drill (Fig. 8). 
Although such machines are costly, they 
can be readily converted for use on different 
jobs where the quantity to be produced will 
justify the small setup cost and the cost of 
the jig. 

Multiple-spindle drilling machines are 
available with a wide range of numbers of 
spindles in a single head, and two or more 
heads are frequently combined in a single 
machine for mass-production work. [n 
some cases. such machines perform drilling 
operations simultaneously on two or more 
sides of a workpiece. 

Applications. Multiple-spindle machines 
are primarily used for three general types of 
production operations: 























* Multiple operations (drilling, reaming, 
chamfering, spotfacing, and so on) in a 
single hole. Machines used for these ap- 
plications are often equipped with hand- 
positioned tables. shuttle tables, or rotary 
indexing tables 

* One operation in multiple holes that are 
the same size or different sizes and are on 
the same or different planes. Machines 
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Center distance limited; 
select spindle size to suit 







Maximum 
spindle area 








Workpiece 


Maximum spindle area 


Center distance not limited: 
use basic spindle 
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Fig. 8 52e view (o) and top view (b) of a multiple- 
9. © ае drill head showing the relative posi- 
tions of the spindles, drill head, and workpiece and the 
dimensions that must be considered in choosing o drill 
head 


used for these operations may require a 
rotary indexing table if hole center dis- 
tances are close. Multiple-plane opera- 
tions are often performed with multiple- 
position workholding fixtures 

Multiple operations in multiple holes that 
generally require the machine to be 
equipped with a rotary indexing table or 
other type of table, especially when tap- 
ping is one of the operations to be per- 
formed 


. 


Multiple-spindle drill heads are de- 
signed for various applications and have 
geared or gearless (crank-type) drives. All 
tools on a head are fed into the workpiece 
together. but tool lengths are sometimes 
staggered so that cutting loads are applied 
progressively. There are three major types 
of geared drill heads, as follows. 

Adjustable-arm, — universal-joint — drill 
headsare generally used for frequent change- 
over or limited production requirements. 
They provide maximum flexibility because 
the spindles can be adjusted to any desired 
location within the head housing 
can be removed or added. up to the capa 
of the head. The adjustable-arm spindles are 
rotated by universally jointed connecting 
rods that transmit power from a fixed-cen- 
ter, gear-driven, or crank-driven head. All 
spindles rotate at the same speed, which is 
normally ied to a maximum of 2000 rev/ 
min primarily because of joint wear prob- 
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lems and the method of lubrication. Some 
standard machines come equipped with uni- 
versal-joint heads having a high, neutral, 
and low-speed shifter range for each spin- 
dle. Special heads can be designed to incor- 
porate this speed sclector feature. 

Slip-plate drill heads are often used for 
repetitive hole patterns and longer produc- 
tion runs. The same type of universal rods 
as those used on adjustable-arm heads drive 
slip spindles mounted in a slip plate that can 
be changed for different hole patterns. The 
capability of producing various hole pat- 
terns on fixed centers can make slip-plate 
heads more desirable than fixed-center 
heads; however, greater center distances 
are sometimes required between spindles. 
and the locational accuracy of the spindles 
is not as close. The spindles normally rotate 
at the same speed unless the head is of 
special design. These heads are generally 
used for drilling holes 1.6 to 57 mm (Vis te 
2⁄4 in.) or more in diameter in cast irons and 
steels. 

Fixed-center drill heads are used for ded- 
icated, high-production machines. Тһе 
number of spindles can vary from 2 to 2000 
or more, depending on the number of holes 
required in the workpieces or the ease with 
which the workpieces can be handled. 
Gearless heads are required for large num- 
bers of spindles. and all spindles operate at 
same speed for light-duty operations. 
hese heads are stronger and more rigid 
than either the adjustable-arm or slip-plate 
head because the spindles are permanently 
fixed for required hole patterns, 

Gearless, fixed-center, crank-driven drill 
heads are used when the need for close- 
center holes makes the use of gears and 
universal joints impractical or impossible. 
Some heads of this type are capable of 
drilling holes with center distances as close 
as 4.8 mm (0.19 in.) and diameters of 0.51 to 
19.05 mm (0.020 to 0,750 in.). In one appli- 
cation, a gearless drill head having 1800 
spindles was mounted on the ram of a punch 
press to drill acoustical tiles. A 38 kW (50 
hp! electric drive motor was mounted on 
top of the press. 

One design of a gearless drill head is 
illustrated in Fig. 9. The driver (A), in the 
drilling machine spindle rotates the drive 
crank (B) in the drill head. This crank 
moves the oscillator (C) in a short oscillat- 
ing motion. The oscillating motion rotates 
the individual drill spindles (D) in the same 
direction and at the same speed as the drive 
crank (B). 


Deep-Hole Drilling Machines 
Several problems not encountered in or- 
dinary drilling operations arise in the drill- 
ing of long holes in rifle barrels, long spin- 
dies, connecting rods, and certain oil-well 
drilling equipment. As the hole length in- 
creases, it becomes more and more difficult 
to support the work and the drill properly. 




























Gearless drill head in which an oscillator (C) 
rotates the drill spindles (D) 


Fig. 9 


The rapid removal of chips from the drilling 
operation becomes necessary to ensure the 
proper operation and accuracy of the drill 
Rotational speeds (up to 20000 rev/min) 
and feeds must be carefully. determined 
еске Aere ds a greater possibility of 
deflection than when a drill of ordinary size 
is used. 

To overcome these problems, deep-hole 
drilling machines have been developed (Fig. 
10). These machines may be of either the 
horizontal or the vertical type, with either 
single-spindle or multiple-spindle construc- 
tion. In addition, either the workpiece or 
the drill may revolve. Most machines are of 
horizontal construction, using a center-cut 
gun drill having a single cutting edge with a 
straight flute running throughout its length. 
Oil, under high pressure, is brought to the 
cutting edge through a hole in the drill. 
Normally, the drill is stationary and the 
work is rotated in a chuck with steady rests 
providing support along its length, but 
where it is difficult to rotate the work, the 
situation is reversed (Fig. 11). In gun drill- 
ing. the feed must be light to avoid deflect- 
ing the drill. 

Because of its long stroke and case of 
chip removal, a gun-drilling machine is also 
suitable for boring. trepanning. and cham- 
fering. The revolving drill is fed into the 
workpiece resting on the platform. Equip- 
ment of this type requires an efficient cool- 
ing system to pump the coolant in large 
volume and high pressure for cooling the 
tool and flushing the chips. The system also 
filters the coolant and kceps it at a uniform 
temperature. Vertical deep-hole drilling ma- 
chines are also available for work that is not 
relatively long. 

















Transfer Drilling Machines 
Frequently designated as automated ma- 
chines, transfer drilling machines complete 
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Fig. 10 Fixed-table, advancing-spindle machine designed for deep-hole drilling 


a series of machining operations at succes- 
sive stations and transfer the work from one 
station to the next. They are. in effect, a 
production line of connected machines that 
are synchronized in their operation so that 
the workpicce, after being loaded at the first 
station, progresses automatically through 
the various stations to its completion, Au- 
tomatic drilling machines are of the index- 
ing table or the in-line transfer type, and 








Rotating 
work Support 





thi cost effective only for volume 
production 

Indexing Table Transfer Machines. 
Parts requiring only a few operations are 
adapted to indexing table machines, which 
are made with either vertical or horizontal 
units spaced around the periphery of an 
indexing table. A special vertical machine 
with a six-station indexing table can drill. 
ream. chamfer, and mill connecting rods at 
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Fig. 11 Two methods of gun drilling: (a) Workpiece rotates while the tool is held stationary- Cutting fluid i fed 

g. directly through the drill from the back end. (b) Tool rotates while the workpiece is held stationary. 


Cutting fluid is fed through a rotating oil gland from the fluid feed line or through the machine spindle. 























Table 1 Typical drilling machine specifications 
Drill Morse 
Workpiece diameter, diameter, taper — Number of Weight. 
Type mm (in. чип (in) (Na) speeds кь 
Hand feed 395 (15% Bia) Chuck 12 ПЕ 100 (220) 
Upright power feed 660 (26) soa). s 4 3715) 95002100) 
Upright fonrsspindle gang 
type 660 (26) 2 x LS (эи) 2200 (4800) 
Multiple-spindle (124 305 х SIQUI2 x 20) 5.6 (7d) 
Programmable multispindle(h) ...610 х L170 (24 х 461 18.75 C) 
Radial 330 mm (13 inate) 1220 (4) 5 4.5 (6d) 2720 (6000) 





al Diameter, (hy Work area, icy Arm length. di Euch spindle. Seuce. Ref 1 





the rate of 450 per hour. All operations are 
performed simultaneously. and when all are 
complete, the table is automatically indexed 
to the next station. 

In-Line Transfer Machines. The principal 
Teature of in-line machines is that they are 
provided with suitable handling or transfer 
means between stations. The simplest and 
most economical method of handling parts 
is to move them on a rail or a conveyor 
between stations. When this is impossible 
because of the shape of the part, it is 
necessary to provide a holding fixture or 
pallet on which the work is clamped. 

A typical application would be an eight- 
station automatic transfer machine perform- 
ing a variety of operations on the center 
portions of axle housings. Palletized work 
holding fixtures secure the axles during all 




















Transfer machines range from compa 
tively small units having only two or three 
stations to long straight-line machines with. 
over 100 stations. fi hines are 
primarily used in the automobile industry, 
in which, because of full production sched- 
ules, it is possible to offset their high initia 
cost by savings in labor. Products pro- 
cessed by these machines include cylinder 
blocks. cylinder heads. refrigeration com- 
pressor bodies. and similar parts. 























Special-Purpose 
Drilling Machines 

Many drilling machines are built in a wide 
variety of designs and configurations for 
special-purpose applications. Special- 
purpose dedicated machines are often used 
when large quantities of parts require mul- 
tiple operations. Dedicated units include 
shuttle-transfer. dial-index. and trunnion- 
index machines. 

In shuttle-transfer machines, the work- 
piece is loaded in a fixture and indexed in a 
straight line to several machining stations 
between single or opposed machining 
heads. After the workpiece is machined, it 
is indexed to stations down the line for 
further machining until it reaches the un- 
loading station. These machines are de- 
signed for the medium-to-low production of 
heavy or oddly shaped parts and offer more 














flexibility in terms of fixture changes than 
transfer machines. 

Dial-index machines maximize floor- 
space use by mounting fixtures on a hori- 
zontal-index table and moving the work- 
piece (held by the fixture) to the machining 
Station, where it is surrounded by an array 
of radial, horizontal. and vertical machining 
units. Multiple-spindle heads are extensive- 
ly used in dial-index machines. 

Trunnion-index machines provide si- 
multaneous machining operations at each 
station, along with the production of a com- 
pleted part each time the trunnion (vertical 
table) is indexed. Five of the six sides of a 
rectangular workpiece can be machined in 
this unit in one cy Loading and unload- 
ing of the workpiece are done at a single 
station. Interchangeable heads and fixtures 
for similar parts allow some degree of flex- 
ibility in the production of parts. 
ious factors influence the selection of 
a machine for a specific application. Some 
of these fac e the size and shape of the 
workpiece; nd length of the 
hole to be drilled: the relationship of drilling 
tọ the other machining operations; the 
quantity of pieces to be drilled per hour, per 
day, or over a longer period; and cost. 




































Drilling Machine Selection 


The sizes of drilling machines are desig- 
nated in several ways. The most common 
designation for a vertical drill press is the 
diameter in millimeters (inches) of the la 
disk or workpiece in which a hole 
drilled at the center on the drill press. Other 
designations are the diameter of the largest 
drill the press is designed to drive in cast iron 
or steel and the Morse taper size in the 
spindle hole. The size of a radial drill press is 
given in meters (feet) and designates the radi- 
us of the largest disk in which a center hole 
can be drilled with the head at its outermost 
position on the arm. Some drilling machine 
manufacturers also specify the diameter of 
the column in millimeters (inches) (Table 1). 

Machine Selection for Economy of Pro- 
duction. In selecting a machine. the follow- 
ing options should be considered for their 
suitability to the specific job: 
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© Machine type: Manual control. numerical 
control: single spindle or multiple spindle 

e Machine calibrations: Speed and feed 
range, manual or automatic machine po- 
sitioning. and automatic preselect 

* Tooling; Complex or simple fixturing; 
high-speed steel or carbide tools 








Once these have been decided on. a ma- 
chine is selected for greatest economy on 
the basis of size of production lot. Small lots 
(100 pieces) seldom justify large expendi- 
tures for jigs and fixtures, but numerically 
controlled machines are being increasingly 
used for low production quantities. Large 
production quantities may require more ex- 
pensive tooling. and single-purpose ma- 
chine tools often provide the greatest econ- 
omy. 

Control Systems. Drilling machines arc 
available for manual, semiautomatic, and 
automatic operation. Numerical control 
(NC) and computer numerical control 
(CNC) are used on many drilling machines, 
and these types of control are particularly 
suitable for producing patterns of holes in 
various workpieces. Numerical control or 
computer numerical control is usually stan- 
dard on circuit board. tube sheet. and other 
special-purpose drilling machines. Program- 
mable controllers are also used on some 
drilling hines and drill heads. 

Tape-controlled radial, turret, or horizon- 
tal drilling machines simplify tooling be- 
cause a means of holding and positioning 
the work is the only additional requirement. 
Tape control also minimizes the possibility 
of operator error and ensures repeatability 
of operation. The main disadvantages arc 
the cost and. complexity of the equipment 
and the time and skill required for preparing 
the tape. 

‘The simplest type of numerically con- 
trolled machine has a two-position indexing 
table that automatically places the work- 
picce under a single vertical drill spindle. 
The movement of the drill spindle can also 
be numerically controlled, and this proce- 
dure. in conjunction with an automatic tool 
changer. can produce a completed part. The 
operator's principal function is to load and 
unload the workpiece 

The NC/CNC requirements for drilling 
machines vary. depending on the applica- 
tion. Simple two-axis (x and v) positioning 
systems are used only for table movement 
on some machines. with the drilling depth 
(z-axis) controlled manually. electrical- 
ly, electromechanically, or mechanically. 
Many drilling machines are equipped with 
more complex systems that can control 
table positioning. drilling depths, spindle 
speeds. feed rates, and other functions. 
Some systems compensate for varying tool 
lengths. 

One manufacturer offers a continuous 
monitoring control system for its NC ma- 
chining centers and special drilling ma- 
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Fig. 12 commonly used types of drills. Applications are described in text. 











Fig. 13 Design features of о typical stroight-shank twist drill 


Table 2 Lip relief angles for twist drills 














— ——  —— Lip relief ungle, degres — 
р шаш — (pim aie aa 
mm in. annealed steel work metal free-cutting metal 
0.343-40.991 4,01350,0390 , .. 24 EJ 
1.02-2.44 0.0400-0.0960 . 1 18 
2.49-3.05 0.0980-0. 1200 18 16 
3.26-6.15 0. 1285-8 16 14 
6.51287 4.2570 s. 14 12 
R83-12.7 0.34804 12 10 
13.1-19.1 Wa Ya = 10 8 
19.4 and larger ^ra and larger. 8 7. 








chines. This system automatically. lowers 
the feed rate when torque on the drill reach- 
es a preset limit or when motor power 
exceeds the rated amount. Advantages in- 
clude faster hole production with the same 
tool life, reduced tool breakage. improved 
chip-breaking action. and protection of the 
motor from overloads. 

This closed-loop control system continu- 
ally derives torque at the drill from mea- 
sured horsepower and spindle speed. The 
calculated cutting torque is compared to the 
breaking torque punched into the NC tape. 
Whenever the cutting torque exceeds one- 
half the preset limit, the feed rate is auto- 
matically reduced. The feed rate is also 
lowered whenever the horsepower required 
exceeds the rated motor capacity. 

Retrofittable adaptive control for NC 
drilling machines and machining centers ts 














also available. This is a microprocessor- 
based system with the capability of combin- 
ing soft-wired modules for drilling. milling, 
boring, and tapping in the same unit. The 
drilling unit uses torque as à feedback. 


Common Types of Drills 


Drills are available in a variety of types. 
and several of these types are illustrated in 
Fig. 12. Size ranges vary; some drills can be 
obtained as standard tools up to 90 mm (3/5 
in.) in diameter, and as special-order tools 
in even larger sizes (spade drills arc usually 
cost effective for sizes above 38 mm. or 1'4 
in.. and have reportedly been used in sizes 
up to 380 mm, or 15 іп.). The type of shank 
(straight or taper). the proportionate dimen- 
sions of Mutes and shanks, and the helix 
angle also vary widely. 





Drills with helical flutes are called twist 
drills. The features of a typical twist drill are 
illustrated in Fig. 13. 

Type of Shank. Taper-shank drills offer 
these advantages over straight-shank drills: 





eater tool rigidity 

© Closer control of concentricity 

e Closer spacing in gang drilling (because 
screw chucks are not used) 

e Drive without slip 





For shallow holes, howevel iraight-shank 
drills should be considered because they 
cost less. One disadvantage of straight 
shanks, particularly in drilling deep holes. is 
that they sometimes pull out of the chuck on 
the return stroke of the spindle. When this 
happens, the operation must be stopped to 
replace the drill. This pullout is more likely 
in an operation in which the spindle retracts 
autoi ally at intervals to clear chips. 

Drill Design. The included angle of the 
point on a conventional twist drill is 118°. 
The lip relief angle varies with drill diameter 
and the composition and condition of the 
work metal (Table 2). 

Drill design for specific operations de- 
pends on the application in which the drill is 
used. Drill life can sometimes be greatly 
improved by the use of a design that varies 
from the standards of the drill manufactur- 
er. Drill design and rigidity of setup usually 
receive more attention than selection of the 
drill material. This is because in most drill- 
ing. improvement of design and rigidity 
offers a greater potential for increasing drill 
life and reducing cost than does a change in 
drill material. Special means of clamping 
may be needed to ensure rigidily of setup. 

Drill Materials. Most drills are made of 
common grades of high-speed tool steel 
(М1. M2. MIO, and occasionally TI). At 
comparatively low cost. these grades pro- 
vide strength, toughness, and high-temper- 

ure hardness suitable for most drilling 
applications. For excessively hard or abra- 
sive metals, drills can be made of higher- 
alloy high-speed too! steels such as M3. M4. 
M6. M33. or T15; these steels, however, are 
used to make only a small percentage of the 
drills produced. Additional information on 
high-speed tool steels is avai ble in the 
article “High-Speed Tool Steel d “P/M 
High-Speed Tool Steels" in this Volume 
and the article "Selection of Materials for 
Cutting Tools" in Volume 3 of the 9th 
Fdition of Metals Handbook. 

Carbide-tip drills are used for special ap- 
plications. notably, for drilling abrasive 
metals of low tensile strength (such as cast 
iron and castings of high-silicon aluminum 
alloys) or heat-resistant alloys. Special car- 
bide-tip drills with longitudinal passages for 
conducting coolant to the drill tip are used 
on steel in gun drilling, for which close 
tolerances on hole straightness, diameter, 
and parallelism must be maintained. Anoth- 
er special application of carbide-tip drills is 


























the drilling of steel harder than 48 HRC. 
Solid-carbide drills (for example, spade 
drills) are used for extreme rigidity and 
drilling accuracy. 

Heat Treatment. The hardening, quench- 
ing. and tempering of the high-speed tool 
steel are critical to the quality and perfor- 
mance of twist drills. A particular high- 
speed tool steel of the same analysis can be 
heat treated differently by different manu- 
facturers to develop desired properties for 
the specific application of a certain style of 
drill. 

Twist drills made from general-purpose 
high-speed tool steels such as MI and M7 
are usually heat treated to a hardness range 
of 64 t0 66 HRC. Drills made of high-speed 
tool steels containing cobalt generally have 
à hardness range of 65 to 67 HRC, although 
a higher hardness is sometimes used for 
unusual applications. 

Surface Treatments. Various surface 
treatments are applied to high-speed tool 
steel drills to increase the hardness of the 
outer layer of material or to reduce the 
friction between the drill and the workpiece 
or chips in the flute. These treatments are 
normally applied after the drills have been 
finish ground, The treatments that produce 
a thin hard layer in the outer layers include 
nitriding, cyaniding. and less frequently. 
carbonitriding and carburizing. These pro- 
cesses are carried out in either a liquid or 
gaseous media at elevated temperatures to 
accelerate the absorption of the element(s) 
into the outer layers. Because these layers 
are hard but brittle, they are kept thin to 
reduce the probability of chipping. Nitride 
layers range from 0.013 to 0.05 mm (0.0005 
to 0.002 in.) in thickness. but carburized 
layers are several times thicker. Carburiz- 
ing and carbonitriding usually require tem- 
peratures above the tempering range. while 
gas nitriding or cyaniding can be done at 
about 540 "C (1000 °F) 

In addition to the hard surfaces produced 
in the outer layers of the drill material by 
the processes mentioned. there is some 
small usage of the processes for producing 
surfaces on the exterior of drills for the 
same purpose. These surfaces are applied 
by electroplating, chemical plating, chemi- 
cal and physical vapor deposition, and 
flame or arc deposition. Included in such 
platings are hard chromium, nickel. tung- 
sten, tungsten carbide, titanium nitride, ti- 
tanium carbide. and numerous other wear- 
resistant compounds. Considerable care is 
required during the processing to ensure 
that the deposition is uniform. continuous. 
and tightly adherent and that the tempering 
temperature of the high-speed tool steels is 
not exceeded. 

Surface treatments for reducing friction 
or improving lubrication include the limited 
penctration of oxygen or sulfur into tool 
surfaces in a controlled-atmosphere furnace 
at an elevated temperature. and vapor or 





























liquid processing. The most widely used 
surface treatment for drills consists of the 
development of a thin surface oxide, which 
has been found to act as a solid lubricant 
and to prevent welding of chips to the drill. 
Although various oxide films can be pro- 
duced in air at temperatures above 205 °C 
(400 °F), oxide films most advantageous for 
improved performance are formed in a dry 
or superheated steam atmosphere at tem- 
peratures of 425 to 565 °C (800 to 1050 °F). 
Oxides created in salt baths are not as 
effective as those produced by steam. Tools 
having the dark gray to blue-black surface 
oxide layers produced in this way are often 
used for drilling ferrous materials. 

Although surface treatments have been 
discussed as separate entities, they are of- 
ten used in combination. The most widely 
used combination treatment for drills is a 
surface oxide over a nitride layer. 








Selection of Drills 


The type of drill selected for a given 
application depends on: 


* Composition and hardness of the work 
metal 

* Rigidity of the tooling setup. 

* Dimensions of the hole to be drilled 

* Type of machine used to rotate the drill 
or the workpiece 

* Whether the drill is used for originating or 
enlarging holes. 

* Tolerances on the hole to be drilled 

* Whether related operations, such as 
countersinking or spotfacing, must be 
performed with drilling 

* Cost 









The material drilled affects drill selec- 
tion mainly because the need for a drill of 
rugged design increases with the hardness 
and strength of the work material. The need 
for rigidity in the setup also increases with 
work metal hardness and strength. 

Drilling into hard materials such as heat- 
treated alloy steels, hard steel castings. 
partly chilled cast iron, and 18-8 stainless 
steels with high-speed tool stecls requires 
carefully sharpened tools, adequate and 
uniform feeds, moderate speeds, and cool- 
ants suited to the type of material being 
machined. [n an emergency, it is possible to 
drill holes in materials that would otherwise 
be considered unmachinable with high- 
speed tool steels. T done by making 
sure the tool cuts continuously once it is 
started because the material will work hard- 
en to the point at which it is unmachinable if 
the drill is allowed to idle and rub on the cut 
surface. 

Armor plate presents some difficult prob- 
lems because of its hardness and extreme 
toughness, but it can be s 'actorily drilled 
with high-speed tool steels if the work- 
hardening and flame-hardening properties 
of armor plate are compensated for. 1f the 
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material has been flame cut, the areas adja- 
cent to the region to be drilled should he 
annealed. If the armor plate is of the laminar 
type (that is, one side of plate is harder than. 
the other), drilling should proceed from the 
harder side to the softer side because it is 
virtually impossible to drill successfully 
from the soft side. Speeds as low as 4.6 m/ 
min (15 sfm) may be required, along with a 
135 to 140° included point angle on the drill 
cutting point. 

Molded plastics (resins, phenoli 
lose acetates, polystyrenes, acryl 
on) require quick ejection of chips. 
ejected quickly, the chips will stick and 
pack in the drill flutes and heat the compar- 
atively low-temperature plastic composi- 
tion. Overheating is detrimental to both the 
tool and the work. These materials are 
drilled at speeds of 30 to 90 m/min (100 to 
300 stm), with tools having 60 to 90° includ- 
ed angle points for small sizes and 90 to 120° 
included angle points for larger hole sizes. 
Detailed information on the machining of a 
variety of materials is available in the Sec- 
tion "Machining of Specific Metals and 
Alloys" in this Volume. 

Rigidity of Setup. In setups that are not 
rigid, drills with short flutes and tapered 
shanks are usually required. 

Hole Dimensions. The diameter, length. 
and length-to-diameter ratio of holes to be 
drilled also influence selection of the drill, 
For maximum rigidity and minimum chat- 
ter. the shortest possible drill should be 
used. In drilling blind holes several times 
greater in length than in diameter, it may be 
necessary to use oil-hole drills or other 
special types of drills. 

The type of machine to be used to drive 
(or hold) the drill is more likely to determine 
the design of the drill shank than of the fluted 
portion. However, some drills are designed 
for use with specific machines (such as screw- 
machine drills and left-hand drills). 

Use of Drill. Whether a drill will be used 
for originating or enlarging holes also gov- 
erns its selection. Holes can be enlarged 
more efficiently by drills designed for this 
purpose (core drills). 

Tolerances. Although drilling is generally 
a roughing operation, with accurate surfac- 
es depending on subsequent operations 
such as reaming or boring, tolerances do 
influence drill selection. Tolerances on 
roundness, diameter, and straightness are 
often affected by the ability of the drill to 
remove chips. 

Number of Operations. When other op- 
erations, such as countersinking or spotfac- 
ing, are to be done with drilling, the use of 
combination tools should be considered. 
Dual-purpose tools are available that can 
combine the following operations: drilling 
two different diameters, drilling and ream- 
ing, drilling and countersinking, drilling and 
spotfacing, and drilling and counterdrilling 
or counterboring. 
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Cost. Carbon tool steel drills have à low 
initial cost and are acceptable for occasional 
use, but they must be run slowly. High- 
speed tool steel drills are the most popular 
and have good strength. Drills tipped with 
cemented carbide are есопот! for high 
production, but are expensive and must be 
handled carefully to avoid breakage. 





General Drill Classification 


Twist drills are manufactured in a wide 
variety of types and in many different sizes. 
‘To produce a hole of a given diameter, twist 
drills are commercially available with vari- 
ations in length. flute and shank configura- 
lion, point geometry. and web thickness. In 
some cases, а dozen or more drills may be 
available to produce the same size hole. 

Drills are made in many different diame- 
ter sizes—tractional, number (wire gage). 
letter, and metric—ranging from 0. 150 to 89 
mm (0.0059 to 342 in.): 





e Millimeter series; 0.01 to 0.50 mm incre- 
ments, according to size, in diameters 
from 0.015 mm 

e Numerical series: No. 97 to No. 1 (0.15 to 

79 mm, or 0.0059 to 0.228 in.) 

е Lettéred series: А to Z (5.95 to 10.49 mm, 
or 0.234 to 0.413 іп.) 

e Fractional series: Yo to 4 in. (and larger) 
by 64ths 


Many drill styles can be grouped into two 
categories: general-purpose and heavy- 
duty. General-purpose drills are the most 
widely used. Slight alterations of the origi- 
nal point angles sometimes improve perfor- 
mance for given speeds and feeds. Because 
of their heavier webs. heavy-duty drills are 
designed to provide greater torsional 
strength and rigidity than general-purpose 
drills. Heavy-duty drills can be used to drill 
steel forgings, hard castings. and high-hard- 
ness ferrous alloys. 

Straight-shank twist drills are made in 
three series, based on their range of lengths 
jobbers length (а medium-length range). 
taper length (a long-length range). and 
screw-machine length (а short-length 
range). Thus, a 6.4 mm (иа in.) diam drill 
would have a 70 mm (2% in.) flute length 
and a 102 mm (4 in.) overall length in а 
jobbers length version. The flute length and 
the overall length of the same tool would be 
95 mm (3% in.) and 156 mm (6% in.) for the 
taper length version and 35 mm (1% in.) and 
64 mm (2% in.) for the screw-machine 
length version. Heavy-duty drills are also 
available in screw-machine lengths with 
135° split points- 

Screw-machine length 
twist drills are used in screw m 
types when conditions require the use of 
short drills for maximum rigidity Other 
applications for these short drills include 
portable and sheet metal drilling. body 
work. and the drilling of tougher. harder 




















steels such as stainless and high-manganese 
steels. 

Tangs can be added to these tools when 
they are used with ASA drill drivers. 

Taper-shank twist drills are used for 
general-purpose drilling in all types of ma- 
chines for which an American National 
Standards Institute taper shank is required. 
These drills are available with standard di- 
ameters. flute lengths, and overall lengths, 
as well as corresponding taper-shank sizes. 
Some sizes of these drills are a vailable with 
shorter and longer shanks than standard, 
which decreases and increases their overall 
lengths. The high-speed tool steel drill body 
and the alloy steel shank (when used) on 
these drills are usually joined by electrical 
butt or friction welding. In some cases. the 
drill body can also be press fitted (crimped) 
into the shank end on smaller si 











Specific Applications 
by Drill Type 


Most drills, particularly those discussed 
in this section, are specially designed for 
specific applications. Altering the drill point 
or drill hardness can greatly increase the 
range of applications for which these tools 
can be used. In addition, carbide inserts or 
indexable-insert cutting edges can be add- 
ed. 

Conventional drills have helix angles of 
25 to 33°. Low-helix drills have 15 to 20° 
helix angles and high-helix drills typically 
have 35 to 40° helix angles. 

General-purpose drills are of conven- 
tional two-flute design. Because of their 
versatility, low cost, and ability in a 
wide range of sizes, these drills are used for 
the general-purpose drilling of cast iron, 
steel. and nonferrous metals. [hey are suit- 
ed to high-production applications und can 
be operated under a variety of conditions. A 
typical general-purpose drill is illustrated in 
Fig. 12a). These jobbers length. drills are 
available only with a straight shank. Their 
short flutes and relatively short length-to- 
diameter ratio aid in maintaining rigidity 
during drilling. 

Low-helix drills (Fig. 12b). also known as 
slow-spiral di have a comparatively thin 
web. which facilitates the penetration of 
brass, plastics. and other soft materials and 
provides maximum space for chips. Low- 
helix drills are designed to break chips into 
small pieces and are well-suited for applica- 
tions in which a large volume of chips is 
generated. Stra ight-shank low-helix drills 
are more rigid than drills with a standard 
twist and therefore permit greater torque. 
Low-helix drills are also less likely than 
standard-helix drills to grab the edge ofa 
hole and hang up or pull through at drill 
breakthrough. Although developed primar- 
ily for drilling brass. these drills are often 
used successfully for drilling shallow holes 
in steel and in aluminum and magnesium 
































alloys. Solid carbide or carbide-tip versions 
of low-helix drills are used to produce holes 
in cast iron. 

High-helix drills (Fig. 12c), also known 
as fast-spiral drills, аге made with wide 
flutes and narrow lands. ‘They are parti 
larly recommended for drilling. relatively 
decp holes in nonferrous metals and other 
low tensile strength materials. However. 
carbon. alloy. and stainless steels have been 
successfully drilled with these drills. The 
wide flutes and high helix facilitate chip 
removal. The high helix also creates more 
land surface per linear inch of drill. thus 
increasing the hearing surface of the drill. It 
is advantageous to replace a standard-helix 
drill with a high-helix drill mainly because à 
high-helix drill can remove chips from deep 
holes more efficiently than most other 
drills—especially in applications requiring 
relatively high feed rates 

Oil-Hole Drills. An oil-hole (or coolant- 
feeding) drill has one or more continuous 
holes through its body and shank to permit 
the passage of à cutting fluid under high 
pressure. The cutting fluid enters. the shank 
and upon emerging at the drill point, assists 
in cjecting chips and dirt. which may clog or 
gall the hole being drilled. These drills can 
be used in a fixed position. as in a turret 
lathe or other type of multiple-operation 
machine. or they can be used with power 
drive in special sockets 

Straight-shank oil-hole drills (Fig. 12d) 
are well suited to drilling deep holes in hard 
metals. They are particularly useful when 
horizontal or inverted drilling is required or 
when it is difficult to get cutting fluid to the 
work or to the cutting edges of the tool. An 
oil-hole drill provides the necessary fluid at 
the cutting edges, thus permitting a greater 
feed rate (and therefore a greater volume of 
chips). 

Taper-shank oil-hole drills have the fol- 
lowing advantages over the straight-shank 
types: 























€ They allow closer concentricity 
e Speed and feed can be higher 
е The tool is more rigid 





The following example describes an appli- 
cation for which a taper-shank oil-hole drill 
was selected in preference to à standard 
twist drill. 

Example 1: Two Deep Holes. A taper- 
shank oil-hole drill was superior to a stan- 
dard twist drill for drilling the two deep 
through holes (length-to-diameter ratio: 
nearly 9:1) in the 4130 steel guide block 
shown in Fig. 14. The oil-hole drill not only 
maintained the required straightness but 
also eliminated a subsequent reaming oper- 
ation which is needed when using a stan- 
dard twist drill. 

Placed in a box-type drill jig, the guide 
block was drilled in a single-spindle drill 
press (19 mm, % in., capacity: 430 mm. or 




















4130 steel 
Speed, at 730 rev/mun 
/min (frm) 374120) 
Feed, mmvrev (in./rev) 0.15 10.006) 
Cutting fluid. Soluble wil:water 
(20) 
Setup time, min w 
Production rate. pieces 
(holes) 25150) 
Drill life per grind, pieces 125 
Downtime for tool change. min Ў 
Workpiece hardness. HRC 2027 





i Guide block drilled with о toper-shonk 
Fig. 14 juge drill under conditions listed in 
table, The oil-hole drill produced the deep through holes 
to the specified finish without subsequent reaming, which 
was required when a standard twist drill was used 
Dimensions in figure given in inches 


17 in., swing). Speed. feed, and other oper- 
ating data are given with Pig. 14 

Screw machine drills (Fig. 12e). some- 
times called stub drills. are made with short 
flutes and short overall length for maximum 
rigidity without loss of cutting ability. They 
are designed primarily for use in multiple- 
operation machines and in portable equip- 
ment, and they are useful for drilling tough 
or hard materi; The short flute length 
(about half that of a standard-length. twist 
drill) eliminates the excessive overhang of 
standard-length drills used without. bush- 
ings. When an irregular. angled. or nonflat 
surface is drilled. excessive overhang 
causes walking or weaving of the drill, 
which results in oversize or tapered holes 
and in reduced tool life. 

Core drills, which have three to six flutes, 
are used for enlarging cored, forged. or 
previously drilled holes. Core drills are 
sometimes considered as roughing cutters 
when used primarily for heavy stock remov- 
al in holes that are finally sized by boring or 
reaming. 

Three-flute core drills (Fig. 120) are nor- 
mally used for holes up to 13 mm (4 in.) in 
diameter. These drills are designed to allow 
greater chip clearance for heavy cuts. Four- 
flute core drills are more commonly used 
for holes larger than 13 mm (1 in.) in 
diameter. They arc designed to combine 
maximum flute space with maximum rigid- 
ity. Because of their greater number of 
cutting edges, core drills can be used at 
higher feed rates than other drills or boring 
tools without increasing chip load per cut- 
ting edge. 

Operations such as counterboring and 
chamfering are often combined with core 

















drilling by step grinding the drill. Core drills 
normally have a relatively hi web (up to 
50% of the diameter) because they are not 
designed for center cutting. They are avail- 
able with three or four flutes, straight or 
taper shanks, and in fractional sizes only. 
Straight-shank core drills are made with 
meters from 6.4 to 32 mm (VA to 1 in.), 
flute lengths from 95 to 200 mm (3% to 77 
in.). and overall lengths from 156 to 318 mm 
(6'4 to 12/2 in.). Taper-shank core drills are 
made with diameters from 6.4 to 64 mm (14 
to 2/4 in.), flute lengths from 73 to 286 mm 
(2% to 11% in.), and overall lengths from 
156 to 476 mm (6/4 to 18% in.), 

Larger-diameter core drills usually em- 
body a fluted cutter interchangeably mount- 
ed on the end of a fluted body. Such drills 
often incorporate pilots to ensure accuracy 
of hole alignment, Four-flute core drills are 
generally preferred unless the greater chip 
room of a three-flute tool is needed. 

Left-hand drills (Fig. 12g) have the same 
flute length and overall length as general- 
purpose drills. The principal use for left- 
hand drills is in multiple-operation ma- 
chines when the spindle is rotated in the 
reverse of normal direction. This often oc- 
curs When tapping follows drilling or when 
other machining operations are combined 
with drilling. 

Straight-flute drills (Fig. 12h) are espe- 
cially adapted for drilling brass and other 
soft materials and for drilling thin sheets of 
a wide variety of metals. Drills of this type 
do not run ahead or grab the work during 
drilling. 

Single-fluted drills, also known as bobbin 
bits. are designed for drilling deep holes in 
wood. Because of their chip-clearing ability. 
they are used for the drilling of low-melting 
thermoset plastics, the chips of which will 
stick in the flutes of an ordinary drill. These 
drills are not recommended for use in materi- 
als of much higher tensile strength than wood. 
fiberboard. and soft plastics. Overall а 
lengths are the same as for genei 
jobbers length drills. 

Half-Round Drills. The cutting end of this 
drill is semicircular in cross section. Half- 
round drills are designed for use in brass 
and, in some cases, aluminum and die cast 
materials. They have found wide applica- 
tion in the screw-machine industry in the 
production of holes of exceptional straight- 
ness and high finish. 

Double-margin drills are often used 
when holes must be straighter and to closer 
tolerances with respect to size than can 
normally be obtained with a single-margin 
drill. They have a second pair of margins at 
the trailing edges of the lands. about mid- 
way between the primary margins (Fig. 15). 
thus providing added bearing in bushings 
and holes with four guide surfaces. This 
construction also helps to eliminate the cf- 
fects of errors in point grinding. Double 
margins are also used on some step drills for 
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; Two types of margin configurations used 
Fig. 15 or wa drills. (9) Conventional single 
margin. (b) Double morgin 


producing accurate holes when guide bush- 
ings cannot be used. 

Crankshaft drills are designed for drilling 
holes in crankshafts. but are also used to 
produce holes deeper than five or six times 
the drill diameter in any tough or hard 
nal. They have heavy webs. a higher- 
angle, a split or crank- 
shaft point, and a surface treatment. für 
increased abrasion resistani 

Automotive series drills are straight- 
shank twist drills of general-purpose con- 
struction. They have the same flute and 
overall Jengths as regular jobbers length 
drills and are furnished with tung drive. 
They are also available in a long series with 
taper lengths and tang drive. 

Cotter-pin drills are heavy-duty jobbers 
length drills designed for drilling cotter-pin 
holes in bolts. steering knuckles, pins, and 
similar parts. as well as cross holes in the 
heads of bolts. Heavy construction resists 
the high strains from such applications and 
makes them suitable for drilling some of the 
hard alloy steels, including the harder stain- 
less steels. Such drills are generally surface 
treated. 

Center Drills. These straight-shank twist 
drills are often used to center the ends of 
shafl-type workpieces. Their short flute and 
overall lengths, as well as their oversize 
shank diameters. provide good rigidity, thus 
reducing runout. Larger size center drills 
are sometimes used for starting operations 
when drilling is done on screw machines 
and other machine tools to increase the 
location accuracies of holes to be produced. 
When the design of the workpiece permils. 
the countersink portion of the center-drilled 
hole should be 0.08 to 0.15 mm (0.003 to 
0.006. in.) larger in diameter than the fin- 
ished hole size. 

Rail Drills. These heavy-duty cobalt high- 
speed tool steel tools, originally designed for 
drilling high-manganese railroad rails, are 
used to drill a variety of hard. tough, high 
tensile strength and high-temperature resis- 
tant materials used by the acrospace industry. 
Thi e made with a low helix angle, heavy 
web, special web thinning for case of pene- 
tration, and short flute and overall lengths. 
and they are surface treated. 
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Fig. 16 


radius (b), or o notch (c) to the drill flute 


Aircraft drills, which are extensively 
used by the aircraft and aerospace indus- 
iri are available as jobbers length drills 
and as extension drills. These tools have a 
flute construction conforming to National 
‘Aerospace Standard (NAS) 907 prepared by 
the Aerospace Industries Association. 
spring-tempered shanks to prevent perma- 
nent bending, and overall lengths of 152 to 
305 mm (6 to 12 in.). They are available with 
either 118 or 135° split or offset drill points. 
These drills are principally used for drilling 
holes in inaccessible places that cannot be 
reached with regular-length drills; they are 
generally operated in portable drilling units. 

Straight-shank, jobbers length aircraft 
drills conforming to NAS 907 are ауа lable 
in two types. Type A drills. with 118° split 
points, are used for drilling aluminum, low- 
carbon steels, magnesium. and other soft 
materi, Type B drills, with 135° split 
points, are of heavier design and are surface 
treated for drilling hard steels, stainless 
steels. titanium, and other hard materials. 

Short-flute aircraft drills with 118° points 
are desirable for tough, portable applica- 
tions in titanium, heat-treated мес and 
aluminum. These drills are surface treated 
and have no body clearance. Type C drills, 
with 135° split points, are made in screw- 
machine lengths for use in machines or 
portable units to drill hard. tough sheet 
metals of the heat-resistant stainless and 
titanium alloy types. 

Chip-breaker drills have flute modifica- 
tions or other design features to curl and 
break the chips produced in most materials 
in which long, stringy chips are normally 
produced, thus minimizing clogging prob- 
lems. Most of the various chip-breaker de- 
signs involve a flute configuration that forc- 
es long chips to curl and bend sufficiently so 
that small broken chips are produced. 

Until recently. the flute of the drill was 
thought of only as a path for the chips to 
follow as they emerge from the hole. How- 
ever, with industry becoming more safety 
conscious, stringy chips are now considered 
to be a significant hazard to the operator. 
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Flute geometry of drills modified to provide chip-breoking action through the addition of a rib (a), а 


Many approaches are used to modify the 
flutes to provide a chip-breaking action. 

Drill points modified to enhance the chip- 
breaking action are illustrated in Fig. 16. 
Such flute designs are built into the drills. 
and no additional notches or grooves are 
required when regrinding. For some applica- 
tions, particularly with larger size twist drills, 
chip-curling grooves are ground in the rake 
faces of the cutting lips. or chip-splitting 
grooves are ground in either the clearance or 
rake faces. Chip-breaker drills sometimes re- 
quire more torque than standard drills. and 
there is a minimum feed rate below which 
they do not operate effectively. 

Chip-breaker drills cost about 10% more 
than conventional drills, but the added cost 
is easily offset by the longer tool life and the 
time saved from not having the problem of 
long chips. Tool life increases because of 
the efficient chip ejection and better pene- 
tration of the coolant to the drill tip. 

Spotting ond centering drills arc 
straight-shank twist drilis designed to pro- 
duce accurate and true centers. ‘They have 
short flute and overall lengths and no body 
clearance, which allows them to be chucked 
close to the cutting point for accurate hole 
starting or workpiece centering. A constant 
web thickness eliminates the need for thin- 
ning these drills when repointing. 

Holes that are to be drilled and chamfered 
in workpieces having a hard or scaled sur- 
face can be produced more economically by 
spot drilling (10 form the chamfer) prior to 
drilling. With this method. the spot drill cuts 
only a short timc through stock that has а 
detrimental effect on tool life. while the hole 
drill cuts for a longer time through easier- 
to-machine material. Processing in this way 
allows the drills to be rapidly advanced 
closer to the workpiece, thus decreasing the 
feed stroke and allowing a decrease in the 
feed rate to increase tool life. 

Step drills (Fig. 12j) have two or more 
diameters, produced by grinding various 
steps on the diameter of the drill. The steps 
usually consist of a square or angular cut- 
ting edge. Step drills are extensively used in 











applications requiring multiple-diameter 
holes. They can be made by grinding steps 
on common drills; usually, some thinning of 
the web is required. The simplest form of a 
step drill is a combination drilling and coun- 
tersinking tool. 

Subland drills (Fig. 12k) are combination 
tools having separate lands or margins, 
which extend the full length of the flutes, for 
each of the two or more diameters. Subland 
drills perform two or more operations in one 
pass of the tool. The different diameters or 
lands can be ground to permit drilling and 
countersinking for flathead screws, or drill- 
ing and counterboring for socket-head 
screws. Extensive use is made of subland 
drills in high-production work. 

Subland drills with as many as four diam- 
eters have been successfully used. For op- 
timum results, however, the largest diame- 
ter should be no greater than twice the 
smallest diameter because of the variation 
in cutting speeds and feeds. 

Because the lands or margins of subland 
drills are ground to the correct size along. 
the full length of the flute, each cutting edge 
can be sharpened separately and repeatedly 
without affecting the others. When correct- 
ly sharpened and operated, subland drills 
can readily produce accurate holes. 

Gun drills (Fig. 12m), which are used in 
horizontal deep-hole drilling machines (sce 
the section "'Deep-Hole Drilling Machines" 
in this article). have a single V-shaped flute; 
the single cutting face is sharpened offset to 
form two cutting angles. When drilling. 
these angles form two chips broken into 
short lengths for easier expulsion. The drill 
body is usually a steel tube through which a 
cutting fluid passes under pressure and in 
sufficient volume to cool and lubricate the 
cutting area and flush out chips. To counter 
the unbalanced cutting force of the single 
cutting edge, wear pads (usually carbide) 
are provided in the drill opposite the cutting 
face to keep the drill on center. Gun drills. 
are used to drill soft as well as hard mate- 
rial. 

For accurate holes. gun drills must be 
used in rigid equipment with a positive feed. 
With such equipment, gun drilling elimi- 
nates the need for subsequent rough and 
finish reaming. A properly started gun drill 
guided by a drill bushing will produce a hole 
that does not drift from the centerline more 
than 0.013 mm (0.0005 in.) in 50 mm Qin) 
of drill travel. A spotface or a precision 
center drill can be used for more accurate 
starting of a gun drill. Gun drills are increas- 
ing in usc because they can frequently pro- 
duce holes as accurate as reamed holes in 
one pass. Tolerances as small as +0.025 
mm (50.001 in.) and surface finishes up to 
0.50 to 0.75 ит (20 to 30 pin.) are not 
uncommon for some gun drilling applica- 
tions. For maximum efficiency in gun drill- 
ing, the cutting fluid should provide a fluid 
film between wear pads and work material, 
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Fig. 17 two types of straight-Aute gun drills used 


prevent welding of chips to the cutting edge 
of the drill, cool the drill and the work, and 
dispose of chips by flushing out the hole. 
Two types of straight-Nute gun drills are 
used for deep-hole drilling. One type, 
known as a trepanning drill or a pin-cutting 
gun drill (Pig. 17a), has no dead center and 
leaves à solid core of metal. As the drill 
advances, the core acts as a continuous 
center guide at the point where the cutting is 
done. This prevents the drill from running 
To one side and the hole accuracy is easier 
to maintain. The other type, known as a 
center-cut gun drill (Fig. 17b), has been the 
conventional drill for many years. It is still 
used for much deep-hole drilling. such as 
the drilling of blind holes where a core-type 
drill cannot be used. Both trepanning and 
center-cut drills are generally carbide tipped 
(either solid carbide or a carbide insert) 
Gun drills operate at much smaller feeds 
than conventional twist drills, but the cut- 
ling speeds are higher, Each type of drill has 
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in deep-hole drilling. (a) Trepanning drill. (b) Center-cut drill 


only a single cutting edge with a straight 
flute running throughout its length. The 
chips are carried out of the hole along the 
flute of the drill as rapidly as they are 
formed. Greater accuracy and finish can be 
obtained in deep holes by the subsequent 
use of special reamers or broaching tools. 

Gun drilling is especially well suited to 
producing long holes to close tolerances. In 
some applications, such as the drilling of 
deep blind holes. gun drilling may be the 
only practical method of drilling a hole to 
concentricity tolerances. Hole straightness, 
roundness, and size be held within 
closer limits with a gun drill than with a 
twist drill, as demonstrated in the following 
example. 

Example 2: Twist Drill Versus Gun Drill, 
A gun drill was compared with a standard 
twist drill for drilling 9.5 mm (Y& in.) diam 
through holes 127 mm (5 in.) deep in gray 
iron and type 304 stainless steel specimens. 
The twist drill was used in a general-pur- 














Table 3 Gun drill versus standard twist drill for through holes in gray 


iron and stainless steel 











[eer o Gravina] — - Туре МЫ stainless чей — } 

Condition өг сезин Gun drill) Twist йе) Gun drita) Twist drilled 
Operating conditions 
Speed, revimin. 2000 600 2000 s00 
Speed, m/min (sfn) 60 (200) 18 60) o (200) 15 (50) 
Feed, mmirev (in./rev) 0.035 0.15 0.015 913 

(0.001) 10.006) 40.0006) 10.005) 
Feed. mamin n./mm),.. son өзө) 300) 602.5) 


Cutting fluid. Cutting ой? 





Results 
Surface finish, jim (win. 0.25-0.38 
(0715) 
Hole straightness. mm (in. 0.025 
0.001) 
Out-uf-roundness, mm tin.) 0.005 
10.0002) 
Diametral tolerance, mm tin) 0.013 
(0.0005) 
Drill life per grind, pieces : 160 


(a! Specimens of hoti materials were 22 inm (7 in.) in diameter and 125 m 


diameter amd 125 mm (5 т 1 deep. 0) Carbide-tip center cur dui. 
diameter (d) 


Chlorinated minera 











iL (g) Mixed Г part lo 15 paris water 


Soluble ойе) Cutting ой Soluble oiligy 


250-375 0.25-0.38 250 

1100-150) (10-15 поо) 
0,64 0.025 0.76-0.89 
40.025) (0.001) 10,030-0.035) 
0.05 0.008 0.05 
(0,002) 10.0003) (0.002) 
0.05 0.025 0.08 
(0.002) (0.001) (0.003) 

so 50 25 






"5 in.) long. Through holes drilled were 9 5 nm (460.1 in 
п.) diameter. (c) Tuper-fength twist drill 9 mm (in) 





9.5 тт 





eral Su le enter cut drill, 9:5 mm (' in.) diameter. fe) Heavy-web jobbers Sell, УЗ mm Ш 9.9 тт A 





pose 1.5 KW (2 hp) vertical drill press; the 
gun drill, in а 3.8 kW (5 hp) modified boring 
machine with hydraulic feed. Processing 
details and results for cach material drilled 
are given in Table 3. As these data show, 
the gun drill not only produced markedly 
better finish and dimensional accuracy than 
the twist drill but also drilled twice as many 
pieces per grind, under production condi- 
tions. 

A spade drill is generally made up of a 
spade bit inserted in a holder (Fig. 18a) and 
fastened securely in a slot with a screw, 
This type of drill is most widely used for 
drilling holes 25 to 152 mm (1 to 6 in.) in 
diameter. (Solid spade drills, usually of car- 
bide, are used for smaller holes.) 
© drills (size range of 38 10 381 mm, 
or 1% to 15 in. in diameter) have risen 
rapidly in use in the last decade because of 
their efficiency in making holes and their 
low cost compared to twist drills. They are 
the only drills made as stock items in diam- 
eters over 89 mm (3.5 in.). 

A dull blade can be replaced on the 
machine, as on indexable throwaway tools, 
without the necessity of refinding size, rc- 
setting stops, breaking down setups, and 
Increasing or decreasing the length of a 
drilling setup. Because of this feature, 
spade drills can be easily preset for use on 
automatic and NC machine tools, These 
inserted-blade tools. also available with in- 
dexable double-edge blades, are a type of 
flat end cutting drill used to produce large- 
diameter holes. Spade drilling is done with 
either the tool or the workpiece rotating. 

















(а) 


ъ @—== 


Two types of spade drills. (a) Spade drill 
18 
with interchangeable tip. (b) Special drill 
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Fig. 19 воч spode drill geometry and nomenclature. 


Spade-drill holders are made in various 
sizes with straight or tapered shanks. For 
deep-hole drilling. the holder has axial 
hole through the shank to allow cutting fluid 
to be applied under pressure to the point of 
the drill. 

Spade drills have heavier cross sections 
than comparable twist drills (Fig. 19). The 
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ses 


lip clearance angle 










Wedge angle 
(optional) 


Dimensions given in inches 


additional strength is concentrated along a 
direct line from the point to the shank of a 
spade drill. This gives a spade drill greater 
resistance to end thrust and greater ability 
to withstand torque. The increased 
strength minimizes vibration, chipping of 
cutting edges. and drill breakage. Standard 
drills are likely to wear into a forward 
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(f) Regular (h) Core bia 


carbide blade 





carbide 


Fig. 20 typical spade drill blades 


with longitudinal 


(J) Center cutting 
redius blade 





(i) Counterbore 


taper, which causes binding. Because the 
cutting edges of spade drills are shorter 
and have a greater back taper, binding is 
less likely. 

Tool Advantages, One advantage of the 
type of drill shown in Fig. 18(а) is that the 
bits are replaceable. By having more than 
one bit for the holder. the operation can 
continue while others are being sharpened, 
Bits are relatively inexpensive. Figure 20 
shows various blade configuration available 
for spade drills 

Another advantage is that the 
able in larger diameters than twi; 
can drill deeper holes. Depth-to-diameter 
ratios have exceeded 120:1 in some horizon- 
tal applications of spade drills before the 
drills needed to be reground. Fi cal 
drilling. however. the depth-to-diameter ra- 
tio can seldom exceed 10:1 and is even less 
for smaller-diameter tools because of chip 
ejection problems. 

Tool Limitations. Spade drills are not 
precision tools, and they should not be used 
for finishing operations requiring tolerances 
less than about +0.25 mm (0.010 in.). 
Subsequent finishing holes may be 
quired. Multidiameter blades, however, 
provide close tolerances with respect to the 
concentricity of different diameters and ra- 
dii or chamfers. 

The production of holes with spade drills 
requires high torque and thrust forces. 
Thrust requirements are sometimes more 
than those for comparable sizes of twist 
drills. As a result. rigid and powerful ma- 
chines are required for spade drilling. 

Work surfaces that are cylindrical, spher- 
or sloping and that have rough surfaces 
n create problems when spade drills are 
used. as can be the case with twist drills. 
Fragile workpieces are also generally diffi- 
cult to drill with these tools. 

Blade Materials. The most common cut- 
ting tool materials used in spade drill blades 
M2. M3, and M4 high-speed tool 
l'oughness is an important factor in 
selecting the blade material, but a compro- 
mise between toughness and abrasion resis- 
tance generally gives the best results. Pre- 
mium grades of high-speed tool steel such 
as TIS are also extensively used. 

High-speed tool steels made by powder 
metallurgy processes are being increasing- 
ly applied for spade drill blades. The ad- 
vantages of these materials include a uni- 
form structure with fine carbide particles 
and no segregation. faster and more uni- 
form response to heat treatment, improved 
toughness and tool life, and superior grind- 
ability. 

Spade drill blades made from cast cobalt- 
base alloys and carbides are also available. 
Both solid carbide and carbide-tip blades 
are used. Carbide-tip blades must be oper- 
ated at high cutting speeds and with light 
feed rates to avoid premature wear and 
crushing at the chisel edge. Solid carbide 





are avail- 
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Table 4 Speed and feed ranges for the spade drilling of ferrous and nonferrous materials 








Drill diameter, mm (in) 



































125451 
sa I [ T Feed cate, 
Speed, Feed rate, Speed, Speed, Feed rate, Speed, типтеу 
Material drilled тїшїп mmirev(nimv) © revimin revmin —— mmvres (in.ires) теуіп (inire) 
Aluminum... -M000-S(Q — 0.38-0.63 $80-750 051-076 380-800 — 0.76-1.02 275-375 0891.27 225-300 1.02-1.52 
40.015-0.025) 10.020-0.030) 40.030-0.040) (0,015-0.050) 40.0400. 
Brass. 
Leaded. 400-700 0.38-0.51 200-350 051-063 125-250 0.51-0.76 100-200 0.63-1.02 siso 1.02.52 
10.015-0.020) 40.020-0.025) 10.020-0.0301. (0,025-0.040) (0.040-00.060) 
Soft 250.350 0.38-0.51 125-175 0.51-0.63 -i25 0.51-0.76 70-85 0.63-1.02 50-70 1,02-1,52 
40.015-0.020) (0.020-0.025) 40.020-0.030) (0.0250. 040) (0.0400 000) 
Нага 200-250 0.30-0.38 95-125 0384,5) 0-80. 0.51-0.63 45-0 0.51-0.76. 37-50 076-127 
(0.012-0.015) 40.015-0.020) 10.020-0.025) (0.020-0.030) 40,030-0.050) 
Bronze 
Soft. 300-875. 0,380.51 150-200 0.51-0.63 1005125 боль 75-95 0.63-1.02 (0-25 102-152 
(0.015-0,0201 10.020-0.025) 40.020-0.030) (0.025-4),040) (040-0.0601 
High-strength. 225-200 0.20-0.30 100-150 0.25-0.38 75-95 0.38-0.51 55-70 0.51-0.63 45-55 0.76-1.02 
(0.080.012) 40.010-0.015) 10.015-0.020) ()020-0.025) 40.030-0,040) 
Cast copper. 175-225 0.13-0.20 85-125 0.18-0.25 60-80 0.25-0.38 40-55 0.380,51 35-45 0.51-0.63 
40.005-0.008) (0.007-0 010) 40.010-0.015) 10,015-0,020) (0.020-4.025) 
450-550 0.38-0 51 225-300 0.51-0.63 150-2000 0.51-0.76 MO-140 — 0,630.76 90-120 — 076-1.02 
10.015-0.020) 40.020-0.0251 10.020-0.030) 10.025-0.030) 40.030-0.040) 
Medium 250-375 0.20-0.30 125-200 0.25-0.38 90-1085.— 038-05] 65-95 0.51-0.63 50-75 0.76-1.02 
40.008-0,012) (0.010-0.015) 40.015-0.020) 40.020-0.025) 10.030-0.040) 
Hard.. 150-225 0.13-0.20 75-110 — 020-0.30 50-75 0.25-0.38 35-55 0.38-0.51 sous. AREE 
(0.005-0,008) 40.008-0,012) 00.010-0.0157 (0.015-0.020) 40.020-0.030] 
Cast меш... 200-275 0.15-0.25 95-125 0.25-0.38 65-90 0,38-0.51 45-85 0.51-0.63 35-55 0.63-0.76 
(0.006-0.010) (0.010-0.015) 40.015-0.020) 40.020-0,025) 10,025-0,030) 
Stainless 
Types 201-302. 150-190. 0.13-0.20 75-95 0.20-0.30 50-65 0.25-0.38 Maz 0.38-0.51 W7 0512076 
40,005-0.008) 40.008-0.012) 10.010-0.0151 10.015-0.020) (0.020-0,030) 
Types 303 and 303 Se 325-275 0.15-0.25 120-125 0.25-0.38 75-90 0.38-0.51 55-65 0,51-0,63 45-55 0.63-0.76 
(0.0060 010) (0.010-0.0151 40.015-0,0201 10.020-0.025) (0.025-0.030) 
pes 304-316 130-170 0,130.18 65-85 0.18-0.25 45-55 0.25-0.38 35-45 0.38-0.51 25-35 0.51-0.63 
40.005-0.007) 40.007-0,010) 10.010-0.015) (.015-0.020) 10,020-0.025) 
Types M6F and 316 Зе... 275-350 0.15-0.25 140170 0.25-0.38 95-110 0,38-0,51 70-88 0.51-0.63 55-70 — 0,630.76. 
40.006-0.010) 10.010-0.015) 40.015-0.020) 40.020-0,025) (0,0250.030] 
Types 317414 ...... . 0-170 0.130. 18 65-85 0.18-0.25 45-55 0.25-0.38 35-45 0.38-0.51 25-35 —— 0,51-0,63 
(0.005-0,0071 (0.007.010 (0.010-0,015) (0,015-0,020) 10,0200 025) 
Types 416. 430F, 430 Se... 300-275 0.15-0.25 150-190 — 0,25-0.38 100-125 0380.51 75-95 0.51-0.63 60-75 063-026. 
10.006-0.0101 (0.010-0.015) 40.015-0.020) 40.020-0.025) 40.025-0,030) 
Types 420-430 150-235 0.13-0.I8 75-110 — 018-0258 50-75 0.25-0.38 Mess 0.38-0.51 м-45 0.51-0,63 
10.005-0.007] (0.007-0,010) (0.010-0,015) 00.015-0.020) 10,020-0.025) 
Types 431-446 , 150-190 0.15-0.20 75-95 0.20-0.25 50-65 0.20-0.38 35-47 0.25-0.51 30-37 03840.03 
10.006-40.008) (0.008-0.010) 40.008-0.015) 40.010-0.020) (0.015-0.0251 
Steels 
1018-1095 190-275 0.13-0.20 95-140 0.20-0.30 65-95 0250.48 47-70 0.380,51 37-55 0.51-0.76 
40.005-0.008) (0.008-0.012) 40.010-0.015) (0.015-0.020) 40.020-0.030) 
BIZ. BH о.о... 3002400 0.15-0.25 200-250 0.25-0.38 125-160 0,38-0,51 95-125 0.51-0.63 75-000. 0,63-0,76 
10.006-0.010) 40.010-0.015) 10.015-0.020) 40.020-0.025) (0.025-4,030) 
1117-1213 350-480 0.13-0.20 170-225 0.20-0.30 110150 0.25-0.38 85-110 0.38-0.51 70-90 0.51-0.76 
40.005-0.008) (0.008-0.012) 40.010-0.015) (0.015-0.020) (0.020-0,030) 
1330-3150 250-200 0.13-0.18 125-140 0.18-0.25 80-95 0.25-0.38 60-70 0.38-0.51 50-55 0.51-0.63 
(0.0050, 0007) 40.007-0.010) 10.010-0.015) 10,015-0.020) 10.020-0,0251 
4017-4140 290-320 0.13-0.18 140-160 0.18-0.25 95-110 025038 70-80 0.38-0,51 55-65 0.51-0.70 
(0,005-0,007) (0.007-0.010) (0.010-0.015) (0.015-0.020) 10.020-0.030) 
4145-4640 25300 0.13-0.18 120-150 0.18-0.25 75-100 0252934 55-75 0.38-0.51 45-60 — 0.51-0.76 
40.0050.007) (0.007-0.010) 40.010-0.015) 10.015.020) (0,0200.0301 
5120-8750. . .250-320 0.13-0.18. 125-100 — 0.18-0.25 soo — 0,280.38 60-80 0.380,51 50-65 0.51-0.76 
(0.005-0.007› 40.007-0.010) 00.010-0.01) (0.015-0.020) 10.020-0.030) 
52100 200-250 0.08-0.13 100-125 0.13-0.20. 70-80 0.15-0.25 50-60 0.25-0.38 40-50 0,38-0,51 
10.003-0.005) 10.005-0.008) 40.006-0.010) (0.010.015) (0.015-0,020) 
Tool steels... 110-150 0.10-0.15 55-75 0.15-0.20 37-50 0.18-0.25 27-35 0.25-0.38 22-40 008051 
40.004-0.006) 40006-0008) (0.007-0.010) 10.010-0.015) 00.015-0.020) 
Titanium alloys 110-130 0.15-0.25 55-65 0.25-0.38 37-45 0.38-0.51 27-35 0.51-0.63 22-07 0630,76 
10.006-0.010) (0.010-0.015) (0.015-0.020) 10,020-0.025) 40,025-0.0301 
Zine alloys. 750-900 0.20-0.30 375-475 0.25-0.38 250-320 — 030-043 190-230 0.38-0.63 150-190 — 0,63-0.76. 
10.008-0.0121 10.010-0.015) 40.012-0.017) (0.015-0,025) 10.025-4.030) 
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blades permit faster penetration rates, pro- 
vide longer life, and are often preferred for 
drilling very hard or abrasive materials, as 
well as for some soft materials (except 
aluminum and magnesium) and for low- 
carbon or low-alloy steels. Rigid setup con- 


ditions are essential for the use of carbide 
blades. 

Spade drills can be used in any machine 
in which feed and speed can be controlled. 
Table 4 lists typical feed rates for the spade 
drilling of a variety of metals and alloys. 


Special Drills fo 
Hard Steel Applications 
Tool steels and other steels with hardness 


to 60 HRC or higher can be drilled by a 
special type of drill (Fig. 18b). Blanks for 
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drills of each type were tested. Each 12 mm ("%32 in.) 
diom drill was operated at a speed of 723 revimin and a 
feed of 0.21 mm/rev (0.0083 in./rev). 


these drills are cast from a heat-resistant 
alloy. They e a round shank (straight or 
tapered) and a triangular fluted section. The 
fluted end is ground to a three-sided-pyr- 
amid tip and is then notched to provide chip 
rance. 

These drills work by heating the metal 
beneath the drill point by friction and then 
wiping out the softened metal as a chip. 
They are used in conventional drilling 
chines at speeds of 30 m/min (100 sfm). for 
3.2 тт (% in.) diam drills, to 45 m/min (150 
sfm), for 25 mm (1 in.) diam drills. These 
drills are sometimes used in production 
drilling. but their greatest use is for salvag: 
ing parts when holes were accidentally 
omitted until after hardening, and for mak- 
ing changes in hardened dies. 

In drilling case-hardened parts. these 
drills should be used only for penetrating 
the case. Standard drills should be used on 
the softer core of case-hardened parts. 

These drills are often used for drilling 
under water, which allows 5% higher 
speed than dry drilling. Wet drilling also 
minimizes workpiece distortion and main- 
tains full hardness to the edge of the drilled 
hole. 

The special drill Shown in Fig. 18(b) can 
also be used for reaming. A minimum of 1.6 
mm (Yo in.) should be left on the hole 
diameter for reaming, and speed should be 
reduced to half that used for drilling. Hole 
diameters can then be reamed within a total 
tolerance of 0.08 to 0.13 mm (0.003 to 0.005 
in.). Additional information on the drilling 
of hardened steel is available in the section 
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Front (top) and side views (bottom) of four types of drill point geometries used for different applications. 
(a) Single angle. (b) Double angle. (c) Reduced rake. (d) Four facet 
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“Drilling Steel Having 48 to 55 HRC Hard- 
ness" in this article. 


Drill Point Modifications 


The proper use of controlled drill point- 
ing. which consists of adjustments in the 
included point angle, cutting relief angle. 
and clearance angle. can result in substan- 
tially lower drilling costs for a particular 
operation. The effect of drill point design on 
drill efficiency is demonstrated in the fol- 
lowing example. 

Example 3: Chisel Versus Spiral and 
Self-Centering Drill Points (Fig. 21). Three 
different types of points on 12 mm (72 іп.) 
drills were evaluated for endurance, power 
consumption. and size retention. А tape- 
controlled drill press powered the drills as 
they cut through 50 mm (2 in.) thick 10. 
steel plate. The results are shown graphii 
ly in Fig. 21. As indicated, the spiral and 
self-centering points were nearly equal in 
endurance and power consumption. and 
both produced better results than the chisel 
points. 


























Material Considerations 

The proper point angle (the angle be- 
tween the two cutting lips of the drill) de- 
pends on the material being drilled. An 
included point angle of 118° is usually sat 
factory for drilling all carbon and alloy 
steels in the annealed or normalized condi- 
tion. For drilling heat-treated steels as hard 
as 40 HRC, or for drilling stainless steels. 
split-point drills are preferred, with the 
point angle increased to 125 to 135°. For 
drilling steels or other metals at 40 to 52 
HRC, drills with split points of 140 to 150* 
are preferred. 

For drilling cast iron to a depth up to 
three diameters. the standard 118^ point is 
satisfactory: for deeper holes in cast iron, a 
point angle of 90 to 100° is preferred. Drills 
with point angles of 100 to 1 18^ are generally 








clearance equals V 
web thickness at point 


30 адри and parallel to cutting edge. 


notch angle 


A 0-5" positive rake 
RS 118" included PA 418 or 1805 


Included. 


IN, angle YA 


used for drilling copper alloys and alumi- 
num alloys. More detailed information on 
drill points for drilling metals other than 
steel is available in the Section "Machining 
of Specific Metals and Alloys" in this Vol- 
ume. 











Drill Point Alterations 
on Stock Tools (Ref 2) 

Because drill points form the cutting edg- 
es. their geometries are critical to tool per- 
formance. A variety of point styles are 
currently being used; some of the morc 
common ones are described in this section. 
Proper selection, control, and use of drill 
points can result in substan savings in 
drilling costs. Single-point angles on stock 
drills cannot only be increased or decreased 
but also modified to form double-angle 
points, reduced-rake points, four- or six: 
facet points, split points, helical points, 
rounded-edge points. or combined helical/ 
rounded-edge points. 

Single-Angle Points. Standard twist 
drills having conventional points with a 118" 
included angle are the most commonly used 
because they provide satisfactory results in 
drilling a wide variety of materials. The 
culting lips on these drills are essentially 
straight lines, with the heel side of each land 
a smooth curve (Fig. 22а) 

As the hardness of the workpiece materi- 
al decreases. drill performance can be im- 
proved by reducing the included angle of 
the drill point from 118° to between 60 and 
90°. Drills having these more acute point 
angles produce thinner chips for a given 
feed rate and are commonly used, with 
elix flutes. for producing holes in soft 
tics and nonferrous materials. Drills 
having points with a 90° included angle are 
occasionally used for drilling soft cast irons 
and certain woods. 

On the other hand, as the hardness of the 
workpiece material or the depth of hole 
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Fig. 23 Geometry of a split-point twist drill. (а) and 


increases, the included angle of the drill 
point is increased from 118° to between 135 
and 140°, These larger point angles produce 
thicker and narrower chips for a given feed 
rate. Drills with these flatter points are 
generally used to produce holes in harder. 
tougher materials, and they usually mini- 
mize burring. It is especially important to 
use guide bushings with drill points having 
higher angles because there is а tendency 
for the points to skid or walk on the work- 
piece surfaces when starting holes. 

Double-Angle Points. Twist drills with 
double-angle points ( 2b) are generated 
by first grinding a larger included angle (118 
or 135°) and then a smaller included angle 
(typically 90°) on the corners, This provides 
the effect of chamfers and reduces abrasive 
wear on the corners. 

Double-angle points were originally used 
in drilling medium and hard cast irons as 
well as other very abrasive materials to 
reduce corner wear on the drills. More 
recent applications include improving hole 
sizes and finishes and drilling very hard 
materials to reduce chipping of the corners 
of the lips. Twist drills with double-angle 
points are often used for the same applica- 
lions as drills with rounded-edge (radiused 
lip) points (discussed later in this section). 

Reduced-Rake Points. A common and 
easily applied point variation is the Matted 
cutting lip. Both cutting edges are flatted on 
their flute faces (called dubbing) from the 
cutting lip corners to the chisel edge, as 
illustrated in Fig. . This type of point 
reduces the effective axial rake to 0 to 5° 
positive. causing a pushing or plowing of 
metal rather than a shearing action. Re- 
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duced shearing action is an effective meth- 
od of preventing the tools from digging in 
when drilling is performed on low tensile 
strength materials, such as many types of. 
brass. bronze, and some of the harder acryl- 
ic plastics (for example, Plexiglas). Reduc- 
ing the rake also strengthens the cutting 
lips, and this type of point is often used in 
operations in which chipping of the lips has 
been a problem. 

Four- and Six-Facet Points. The geome- 
try of a four-facet point (Fig. 22d) is gener- 
ated by grinding flat primary relief (10 to 
18°) and secondary clearance angles (25 to 
35°) on the end of each flute. The width of 
the primary relief flat is equal to one-half 
the web thickness, resulting in four facets 
on the end of the drill that subtend at a point 
on the drill axis and entirely remove the 
chisel edge. Six-facet points are produced 
by adding two cutting edges at the web of 
four-facet points. 

Because these points are exactly in the 
middle of the drills, the tools are self-cen- 
tering, and accurate, straight holes can be 
produced. They also require less power and 
thrust and permil increased feed rates. 








Drills with these points, however, are sub- 
ind they 


ject to more wear on their margins, 
cannot be modified to suit the d 
various materials. Another disadvantage is 
the cost of resharpening with a special ma- 
chine. 

Four- and six-facet points have found 
their greatest application in solid-carbide 
drills used to produce holes in printed cir- 
cuit board materials such as fiberglass-ep- 
oxy. The points can also be used on small- 
diameter high-speed tool steel drills that do 
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not lend themselves to normal point-split- 
ling techniques. 

One major automotive manufacturer has 
doubled the feed rate over conventionally 
pointed carbide drills in drilling high-silicon- 
aluminum engine heads on a transfer line by 
using six-facet point drills. The six-facet 
drill points hold 0.05 mm (0.002 in.) or 
better on location without a bushing plate. 
According to one major gear manufacturer, 
the average drill life of the six-facet point is 
three times that of drills with a standard 
chisel point in a variety of materials. This 
longer service life is accompanied by re- 
duced thrust, better hole-size accuracy, and 
increased production. 

Split Points. This type of point, also 
called crankshaft point, was originally de- 
veloped for use on drills designed for pro- 
ducing small-diameter, deep holes in auto- 
motive crankshafts. Since then it has gained 
widespread acceptance for drilling a wide 
variety of hard and soft materials. Heavy- 
duty types with thicker webs are used for 
drilling stainless steels, titanium, tough al- 
loys. and high-temperature resistant alloys. 
Drills with this type of point are also exten- 
sively used for applications in which guide 
bushings cannot be used, as well as for 
portable drilling applications. 

In generating split points on drills, the 
clearance face of each cutting edge is given 
a sharp (55° typical) secondary relief to the 
center of the chisel edge (Fig. 23), thus 
creating a secondary cutting lip on the op- 
posite cutting edge. The angle between 
these lip segments acts as a chip breaker 
when drilling is done on many materials: 
this produces smaller chips, which are readi 
ejected through the flutes. More important. 
however, the additional cutting edges pro- 
duced and the reduction in width of the orig- 
inal chisel edge reduce thrust requirements 
(typically 25 to 30% compared to convention- 
al 118° points) and improve the centering 
capability. A disadvantage is the need for a 
point-splitting grinding machine. 

Helical (Spiral) Points. This type of point 
is generated by reducing the drill point from 
a chisel edge to a helical (spiral) point, as 
illustrated in Fig. 24. This produces an 
S-shaped chisel with a radiused crown ef- 
fect that has its highest point at the center of 
the drill axis. This S-shaped chisel creates a 
continuous edge extending from margin to 
margin across the web. 

‘The advantages of drills with a helical 
point include a self-centering capability and 
some reduction of thrust. Their use also 
results in better hole geometry and im- 
proved hole size. 

A possible disadvantage of this type of 
point is that burrs are sometimes produced 
at hole breakthrough. In addition, the S- 
shaped chisel is weaker than straight chisel 
points, resulting in faster dulling when hard 
materials are drilled. Special machines are 
required for grinding these points. 
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(a) (b) 


зд Helical (spiral) drill point that consists of 
d an S-shaped point rather than a straight- 
line chisel edge. (a) Side view. (b) Front view 





Rounded-edge (radiused-lip) points arc 
generated by grinding a blended, rounded 
edge (radiused corner or lip) on convention- 
al points (Fig. 25). Points such as these 
provide à continuously varying point angle. 
with the lips and margins blended by a 
smooth curve. Because the drill (also 
known as Racon or radiused conventional 
point) cuts on long, curved lips, there is less 
load per unit area d less heat generated. 
Elimination of the corner reduces margin 
wear. Breakthrough burrs are eliminated. 
and tool life can be lengthened by a factor of 
eight to ten times compared to convention- 
ally pointed drills when cast iron is drilled. 
Feed rates can also he increased because of 
the improved heat dissipation. 

Twist drills with rounded-edge points are 
used when drill life is most important. Drills 
with these points are not self-centering and 
are best applied where guide bushings are 
used, When they are used on NC machines, 
prior center drilling is required. The timc 
required for center drilling, however, may 
be more than offset by longer tool life. A 
possible limitation is t special grinding 
machines are required for producing these 
points. In addition, when steel is drilled. 
these points cut closer to size, which may 
reduce drill life compared to that possible 
with conventional points because of greater 
corner and margin wear- 

Combined Helical/Rounded-Edge Points. 
Drill grinding machines are available that 
combine the features of hoth the helical and 
rounded-edge points. The point produced 
(Fig. 26) provides the self-centering capabil- 
ity of helical points and the long life. burr- 
free breakthrough, and higher feed capacity 
of rounded-edge points. These features 
make the drills capable of producing accu- 
rate holes on NC machines without the need 
for prior center drilling. 


Radical Drill Point Modification 
Figure 27 shows the extensive reworking 
done on a 17.9 mm (4 in.) drill to convert 
it into an end-mill type tool containing а 
pilot. as discussed in the following example. 
Example 4: Forming Sharp Corners in 
Counterbores. The two sharp-cornered 
counterbores in the turbine-governor case 
shown at the left in Fig. 27 were produced 
with a specially ground piloted drill. This 
tool (at right. Fig. 27) resembled a two-lip 






















Fig. 25 Lopes т point that contains lips 
margins blended by smooth curves. 
(е) Side view. (b) Front view 


flat-bottom end mill and had a primary relief 
of 8 to 10° and a secondary relief of 30 to 
40°. 

The complex hole in this part was pro- 
duced by the following procedure: 


e The part was drilled through with a 7.9 
mm (У in.) diam standard twist drill 

° The through hole was enlarged, for about 
41.3 mm (1% in.) from each end, with a 
17.9 mm (#Уы in.) diam standard 1wo-lip 
taper-shank twist drill 

e The specially ground drill (Fig. 27) re- 
moved the excess stock from the 17.9 mm 
(4a in.) diam counterbores and formed 
the sharp corners 

e The counterbores were reamed to 18.29/ 
18.19 mm (0.720/0.716 in.) in diameter 


These parts were drilled in à radial drill 
press, using а box jig and bushings to ensure 
alignment of the cutting tools with the spin- 
dies. Processing details are given with Fig. 27. 


Dimensional Accuracy 
of Holes 


In most drilling operations the drill is 
expected to cul oversize. Because a stan- 
dard twist drill is primarily a roughing tool, 
some variation in hole size is expected even 
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reamed 'o Q 729 дат 
Speed, at 428 rev/min, 
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Feed, mm/rev (in. 0.13 (0.005) 
z Soluble oil:water (1:20) 
tion rate. min/piece 42 
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ardness, HB .156 





" Sharp-cornered counterbores that were 
Fig. 27 produced by piloted drill ground as shown 
at right. Dimensions in figure given in inches 


(a) (b) 
Twist drill point that combines the features 


Fig. 26 „роњ helical and rounded-edge points 
(a) Side view. (b) Front view 


under the best conditions. When great ac- 
curacy is required (for example. meeting 
tolerances of less than 0.013 mm, or 0.0005 
in.. on a 13 mm, or ¥2 in., diam hole), it is 
usually necessary 10 drill undersize and 
then ream to size or to use a spe ial drill or 
technique: sometimes both approaches are 
used, 

Misalignment occasionally causes à drill 
to cut oversize. but more often. imprecise 
sharpening is responsible. If the drill is 
sharpened with unequal angles (Fig. 28а), 
the lip with the greater angle does most of 
the work, and the reaction forces the oppo- 
site margin into the wall of the hole. If the 
drill is sharpened with unequal lip lengths 
(Fig. 28b), the two lips balance so that 
their reactions are equal, but the drill 
sweeps with one margin rubbing agalnst 
the hole. 

Sometimes both conditions exist. (Fig. 
280). resulting in holes that vary widely in 
size and shape. This dual error is à typical 
result of sharpening drills by hand. Sharp- 
ening drills by machine is recommended. If 
a machine-sharpened drill does nol cut 
within reasonable tolerance. the web may 
be off-center. or the flute spacing may be 
inaccurate. Small variations in web con 
tricity and flute spacing seldom have à 
significant effect on accuracy. 

The amount of oversize cutting that can 
be expected from machine-sharpened drills 
has been determined from data compiled by 
several drill manufacturers The results of 
drilling steel or cast iron with drills of six 
different diameters are shown graphically in 
Fig. 29. These results were obtained by 
drilling 468 holes with each size of drill. 
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n Oversize drilling caused by drill lips 
Fig. 28 Ground to unequal angles (о), unequal 
lengths (b), and unequal angles and lengths (c) 
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Ноје oversize in drilling steel or cast iron 
Fig. 29 ji machine-tharpened drills. Data ore 
based on drilling 468 holes with drills of each of six 
dierent diameters in a series of rests conducted by 
several drill manufacturers. Drills were used without 
bushings. 


Although this drilling was done with normal 
good practice, no special equipment (such 
as bushings) or special technique was used. 

As indicated in Fig. 29. for holes larger 
than 19 mm (% in.) in diameter, oversize 
increases rapidly with diameter, For close 
tolerance and uniformity, these holes must 
always be reamed. 

When hole tolerances are closer than 
those shown in Fig. 29. it may be necessary 
to do one or more of the following 





* Modify the drill design, or use a different 

type of drill 

Predrill with a center drill 

Drill in steps 

Use bushings 

Rotate the work instead of the drill (this 

iy require the use of a different drilling 
machine) 

ө Change to special drills. such as oil-hole 
or gun drills 

ө Use a precision drill collet or chuck to 
minimize drill runout 








Table 5 summarizes the expected accuracy 
obtained in drilling on the basis of three size 
ranges and three drilling conditions. 

Drill Design. Many holes can be drilled 
with more than one type of drill, but dis- 
criminating selection may allow closer tol- 
erances. For example, if a screw-machine 
drill can be used. somewhat closer toleranc- 
es can be met than with a longer drill, 


Table 5 Average accuracy of holes 


because of the decrease in drill overhang. In 
some applications, a screw-machine drill is 
used instead of a standard-length drill, thus 
eliminating the need for bushings. Modifi 
cation of the drill point often results in 
greater accuracy. 

Predrilling with a center drill often im- 
proves accuracy because the final drill has 
no chance to walk at the start. Walking 
causes out-of-line drilling, which results 
holes that are less accurate in size and 
roundne: 

Drill steps can improve accuracy. 
although with some types of equipment it 
can also reduce productivity. For example. 
to drill a 75 mm (3 in.) deep. 19 mm (% in.) 
diam hole, it may be advantageous first to 
drill a 25 mm (1 in.) deep hole with ап 18.6 
mm (#Уы in.) diam twist drill and then 
switch to an 18.2 mm (Ye in.) diam twist 
drill to drill a 50 mm (2 in.) deep hole. This 
is followed by a 17.9 mm (3У in.) diam 
twist drill to reach the final 75 mm (3 in.) 
depth desired. Finally, a 19 mm (% in.) diam 
four-flute core drill is used as a roughing 
reamer to obtain an accurate hole. 

Drill bushings in fixtures ensure uniformly 
centered starts, which result in better align- 
ment, and thus improve hole roundness. 
straightness, and accuracy of location. 

Rotating the workpiece (provided its 
size and shape permit) will invariably result 
in more accurate drilling than rotating the 
drill while the work remains stationary. 
Machines in which the work is rotated in- 
clude lathes. turret lathes, and horizontal 
multiple-station drilling machines. A turret 
lathe also makes it possible to drill a hole in 
steps, completing it with a core drill, and 
then to ream it for still greater асси! 















































Speed and Feed 


Optimum speed and feed for drilling de- 
pend on workpiece material, tool material. 
depth of hole, design of drill, rigidity of 
setup. tolerance, and cutting fluid. Conse- 
quently, it is impossible to recommend 
speeds and feeds that are applicable under 
all conditions. The nominal speeds and 
feeds given in Table 6 are useful as starting 
points in selecting an optimum combination 
for a specific job. 





produced with twist drills 





























= -— — Hole diameter, mm (їп) —— 
32-84 (etai 64-19 за) [8-3 en —, 
Oversize. Location, Oversize, Location, Oversize, Location. 
Drilling condition. тип in.) mm (n. mm ба) mm (in. mm (in.) mm tin.) 
No center-drilled hole or 
bushing 0.08 +0.18 0.15 +020 0.20 =023 
40.0031 120.007) 10.006) (£0.08) (0.008) (50.009) 
Center-drilled hole. no 
bushing. 0.08 +010 0.08 20.10 оло 0.13 
(0,003) (ооз) 10.003) .004) (0.004) (20.005) 
With drill bushing, 0.05 +0.05 008 05 0.10. 0.08 
(0,002) (0.002) (0.003) (£0,002) 0.004) (50,003) 


Source: Ref 2 
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When unfavorable conditions prevail, 
such as less-than-normal rigidity or restric- 
tions on the use of cutting fluid, slower 
speeds and lower feed rates than those 
given in Table 6 may be requircd. Oversize 
drilling (Fig. 28 and 29), increases as speed 
increases. Therefore, drill grinding practice, 
drilling rigidity, and drill design are closely 
related to the accuracy that can be obtained 
at a given specd. Feed rate must not exceed 
that at which chips can be flushed away. 
Clogging of chips decreases accuracy and 
eventually leads to drill breakage. 

Gun drills ordinarily have carbide tips. 
which can withstand greater speeds, The usu- 
al practice is to operate them at considerably 
higher speeds but lower feeds than those for 
high-speed tool steel twist drills. This allows 
gun drills to form thin chips that are more 
readily flushed away by cutting fluid under 
pressure. Nominal speeds and feeds for the 
gun drilling of ferrous materials with carbide- 
tip drills are given in Table 7. 














Cutting fluids serve the same purposes in 
drilling as in other metal cutting operations: 
10 cool workpieces and tools, to flush away 
chips. and to minimize adherence of tool 
and work metal. 

It is suggested that lubrication problems 
be referred to a reputable manufacturer of 
cutting oils. The following list of lubricants 
should be used as suggestions only: 








e Aluminum and aluminum alloys: Kero- 
sene. kerosene and lard oil. and soluble 
oil 

© Brass and bronz 

osene and mineral oil. 

ble oil 

Magnesium and magnesium allo: 

eral lard oil, Kerosene, or dry 

Copper: Mineral lard oil and kerosene. 

soluble oil, or dry 

Monel metal: Mineral lard oil 

Low-carbon steels: Mineral lard oil 

Tough alloy steels: Sulfurized oil 

Steel forgings: Sulfurized oil 

Cast steel: Soluble oil 

Wrought iron: Soluble oil 

High-tensile steels: Soluble oil 

Manganese steel: Dry 

Cast iron: Mineral oil 

Malleable iron: Soluble oil or dry 

Stainless steel: Soluble oil 

Titanium alloys: Soluble oil 

Tool steel: Mineral lard oil 

Abrasives, plastics: Dry 

Fiber, asbestos, wood: Dry 

Hard rubber: Dry 


: Dry. Deep holes: ker- 
. and solu- 








Min- 





























Detailed information on types of cutting 
fluids and principles of selection and use are 
described in the article "Metal Cutting and 
Grinding Fluids" in this Volume. 

Cutting fluids are used in most drilling 
applications, except on such materials as 
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Table 6(a) Recommended operating 


parameters for producing holes in a variety of materials with twist drills 


















































i Hardness — — Peripheral speed. Helix angle, Рын angle, 
Material drilled mm нк тут (sm) Feed rateiby degrees degrees Paint муе 
Aluminum and aluminum alloys 45.105 to 62 HRB 107 0) Z 90-11% 
Asbestos 17 (55) Y 
Bakelite we M (80) Y LIR 
Carbon... [sn (60-70) w YOUN 
Copper and copper alloys 
High machinability 10124 10-70 HRB 61 1200) z 1540 us 
Low machinability 10124 10-70 HRB 21 (70) 7 0-25 Ms 
Fiberplisscepoxy - 198 (650) 0,062-0.127 mm 35-40 MKA Fourier 
40.0025-0,0080 im.) 
Glass: s wc 4676 (18-25) Light hand. o Spear 
High-temperature alloys 
Cobult-base 180230 8-99 НКВ HSS-Co 61 eo w 28-38 usns Split 
Iron-base INO 9-99 НЕВ HSS-Co 76 (25) х 24-35 118-135 Split 
Nickel-base. 180-30) т 32 НЕС НУС 61 20) w 38335 HIRIS Split 
Iron, 
Cast (soft) [20-150 то 80 HRB HSS 43-46 (140-150) 7 20-0 90-118 
WC 2-50 190-105) ` 14-25 90-118 
t (тефїш hard). 160-230 — 80-97 HRB HSS Rer (80-110) Y 20-0 их 
we 27-50 (90-165) x 1-35 CTE] 
Hard chilled 400) 41 HRC wc (0i x 0-25 OAD Notched 
Mulleable HIIS 170 HRB HSS 7-у (90-120 у 20-30 ШАШ 
we 30-46 (100-150) x 14-25 n 
Ductile 190-225 10 98 HRB HSS n (60) ү 2010 is 
we 2430 (80-100) x 14-25 пк 
Magnesium and magnesium alloys S090 — to S? HRR HSS 46.122 (15024001 7. 25-45 In 
Marble. we 4.6-7.6 418-25) Light hand 0-10 90-10 
Plastics, w поо) Y 1528 их 
30-61 (200-200) x 1525 n 
Rubber (hurd) 3-91 (100-300) x 10-20 ИШ 
61-91 (200-3001 w 15-25 MN 
Steel 
P rbon 
ло 029 6 124-176 71-8 HRB м 180) Y 25-35 пк 
t0050 € 125.225 88-9 HRB 20 (65) Y 2945 1K 
t0 0.90 € 175-225 88-98 HRB n (5%) Y 35.38 ШШ 
Alloy stecl 
Low carbon (0. 12-0.25) 175-229 88-98 HRB 1 (70) 7 1-4% их 
Medium carbon (0.30-0.65) S98 HRB сак 150-60) x 25-35 ив 
504 HRC noo 175-100) 0.013-0.038 mm 25-35 ns Notched 
10,00054),0015 in.) 
Maraging 275-305 28-35 HRC 7 i851 Y Na 11-145 Split 
Stainless steel | 
Austenitic IMeINS 75-90 HRB " 498) x 25-35 118-135 Split | 
Ferritie 115-185 — 75-90 HRB Nx 165) X 25-35 118-135 Split | 
Martensitic 135-175 75-88 HRB EI (65) 7 25-35 MESEN Split 
Precipitation-hardened: 190-200 — N1-94 HRB 15 ism x Nas ар Split 
Tool 196 94 HRB ПЧ iem Y 25-38 n | 
MI 24 HRC 15 (50) Y ик 
ium 
Pure 10-20 — 1094 HRB 30 (100) x WAR nas Split 
a and ap. 300-360 — 31-39 HRC n uam Y 10-34 145 Split 
р 275-150 2938 НЕС 76 es w ek 138 Split 
Zine alloys. 80-100 41-62 HRB % (250) z 42-42 Im 


(a) HSS. high-speed toul steel; Н: 





$$ Cu; hugh speed tual steel with oohalt: WC, tungsten carbide (hi See Table &bl. Source: Ref 2 





cast iron (for which an air jet may be used 
instead) or when the use of fluids is incom- 
patible with subsequent operations or the 
end use of the part. The use of sulfurized 
cutting oils is almost mandatory for gun 
drilling operations because of the more ac- 
curate dimensions and smoother finishes 
that are usually required. 





Variables 
Affecting Drill Life 


Apart from drill design and material, and 
rigidity of the setup, the variables that most 
affect the service lives of drills are speed 
and feed and the hardness and composition 
of the work metal. 

Speed and Feed. Figure 30 relates speed 
and feed to drill life. The curves shown in 





Table 6(b) Feed rates for materials 


listed in Table 6(a) 





Feed rate, mmirey (in. res. al a drill diameter of: 





19.1 mm (adn) 28.4 пиз! 





Code 32mm (18 in) 64 mm (trim) 12.7 mm (in) 
w NT оок ТЯ mm И] 
(0,0015) (0.003) 10.0035) (0,0045) (0.005) 
х 010% 0,089 018 1.206 (267 
(0.002) (0.0025) 10.006) (0.0085) ШИ 
# $ (08. 0.43 0.20 0.267 „мт | 
40.003) (0.005) 40.008) 10.0105) (0,0128) 
z Я 0000008 0.15 025 0.394 [Ed 
40.003) 10.006) инно! (0.0155) 10.0190) 





Fig. 304) for drilling 4130 and 4340 steels at 
341 HB (37 HRC) indicate that: 


e Drill life decreased rapidly as cutting 

speed was increased 

€ AL a given cutting speed. drill life was 
shortened when the feed rate was in- 











creased from 0.05 to 0.13 mm/rev (0.002 
to 0.005 in./rev) 


Tests on 4340 steel at 514 HB (52 HRC). 
as shown in the bar graphs of Fig. 300b). (С). 
and (d). indicate trends somewhat different 
from those observed for the softer steels 








Е 





Table 7 Recommended starting conditions for gun drilling 
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Coolant 

Gun drill diameter pressure Low and medium-carbon steels to 200 HB— — — — Alloy sed to 240 HB Tot steel io 200 HB — 

mm in, мы p Гелия mmmn лыш юш ш] миш mia шла wm Hu remis mein initia indul 
00781. 10342 1500 10000 — 3 14 14 45 ою а 16 14 8560 3 рз, [B2 50 
0.0938. 10342 1500 10000 46 18. 1277 50 14000 м 20 07 7135 14 150 55 
0.1280. 10342 1500 10000 6 24 мт $8 9165 ы 25 155 5345 E! 15 20 80 
0.1562... 8963 1300 10000 76 30 165 65 64 25 193 4280 E] 15 254 100 
0.1875... 799 1150 9170 8i 32 190 75 ы 25 1M 3865 36 14 305 120 
0.2188 7240 1050 7860 79 зл 218 86 6l 24 269 3055 14 3599 039 
6.2500. 6 УК 925 6875 79 34 254 100 61 24 и? 2675 36 14 — а” 161 
02812. S861 NO епо 76 зо 27 113 EJ ©з 39 2375 3 13 460 18,1 

794. 032%... ма 775 S50 H 29 39 m 56 22 з 2140 13. SM 201 

ETI MMR... 499 725 500 л эж 351 [34 56 22 49 1945 » їз 594 22 

953. 03780. 4654 675 4585 71 28 38 151 5 2i 400 1780 30 1 619 24.2 

2 0.4062 4309 605 4230 69 27 47 164 3 24 508 1645 |2 065 282 

ILE 04375 417 600 3930 б 26 47 176 si 20 549 1530 30 12 206 282 

1191 — 0де 3792 550 3&0 б 26 472 |н s 20 57 1425 30 12 70 303 

12,70 0.5000. ian 525 ы 25 5н Wi 48 19 627 1335 28 Т. SA 32.3 

1349 0.5312, 3447 S00 ы 5 SM MA EI 19 6% 1260 28 11 ж зз 

14.29 (5625 3447. 500 et 24 57 2л E 19 — 706 1190 28 1] 022 363 

18.08 — 0.5938... 3275 475 ы за 62 241 4 L8 749 1128 28 Li 980 36 

ISAB 0,6250... 3008 450 КЫ з өз 253 46 LEON 1070 25 LO 1031 406 

16.67 — 0,6562. 2930 450 Sx 3 бї 26.6 18 — 68 1020 25 LÖ 1082 426 

17.46 0875... 299€ 425 2 709 279 E 17 866 970 25 L0 0BS 447 

18.25 0.7189 2758 400 56 2 7M 25 4i 17 899 ow 25 їй 1179 464 

19.05 — 0.7500 3788 400 56 2 ™ Wa 43 17 9 кк 25 LO 1240 488 

Coolant 
Gun drill diameter pressure — Type 300 stainless steel to 200 HB) Type 400 stainless Stet to 200 HI T Bronce | 
mm in. MPa pi revmim mmimin шп mm inday rev/min mmimin  inimin тш ш) evimin mwin штп тт нар 
198 0.0781.. юм: учю 9780 — 30 їз пт 46 100 з 14 Па o 45 о а б M 45 
23н 0098... 1032 1580 кїз зї з 140 55 10000 46 18 107 $0 10000 5 20 12» 50 
3I8 0.1250... 10342 1800 610 эз л 188 74 7640 — 46 LR 170 67 1000 т 28 147 56 
3 0.1562 go 10 48949 033 3 24 эз 6115 % L8 UL зз 10000 — 86 Зд 165 65 
476 1875.......... 799 115) 4075 B з мои 5090 46 18 257 101 9170 94 3? 1% 73 
SSS 0.2188 © 7M0 1050 з 30 12. 0 no 4360 аз 17 295 Пе 790 9 36 28 RG 
$35 0.2500. 6378 925 30% 12 3 150 380 аз 17 м0 134 685 89 35 29 100 
JM 0.2812 5% 850 2715 W LI. 49 169 IWS аз 12 384 151 6100 ж 35 287 113 
794 0.312 5 ма 7% 2445 29 LI 47 #8 3055 al 1.6 407 к 550 86 34 эш 126 
ОСА 4-9 NS 220 2 11 5% 207 2780 — а 16 40 IMS 500 84 33 354 138 
93 03730 4654 675 2040 W LI S4 26 245 3 Ls S3 203. 4585 к 32. M4 151 

1032 — 0.4062 4X9 628 INN 25 LO 62 245 2350 зк Ls s% 209 420 8 32. 4m 164 

Пат 04375 4017. мю 1745 25 1O 61 вз 2080 38 1.5 602 257 390 76 30 447 176 

1L9] — 0.4688. 379» 580 1640 25 10 719 283 205 — 36 14 ыз 253 3800 7 30 480 18.9 

1270 (5000. 3&0 $5 1580 2% 10 767 302 190 36 4 68 220 140 — 74 219 91 23 

1349 052 3447 ч dad 2 09 NIS 321 — 180 № 14 79 3&7 35 4 29 $4 214 

MW 0595....... 348. 59 130 23 09 Né MO 170 3% La T2 $534 3055 N 218 517 227 

1508 К 275 475 12% 09 эм 360 160 зз 13 s0 321 2895 T 28 62 MJ 

15:88 — 06250,...... 3103 450 1200 09 965 WO 1590 3 13 ы 339 2780 6 27 04» 23 

16.67 — 05562 2 2930 450 1165 09 1013 399 1455 B 13 907 357 26% © 26 676 266 

1746 0.6875 299 425 qno 09 102 418 139 эз 13 950 374 25800 66 26 1% 279 

18.25 — 07INN.. 2758 a 1060 20 ок 102 434 130 W 12 эв WB 2300 б 26 74 289 

1908 07500 2758 400 тор 20 og 1156 455 1% м 12 юм 407 220 ж 26 772 304 

Coolant 
Gun drill diameter prewure Aluminum [LL riy ot iron o 180 HB Dedi чинин сү 
m» in MPa уы Пен тшн юла тм da) тышы minim Шла пш die тыты таша элит indul 
Тән — (0781. юы? 190 10000 бм 21$ 14 (000 о 36 па 45 о 7 28 14 45 
2 0,0938 10342 1500 10.000 з om ю м 49 107 so оо 97 $5 42 $4 
3g o 01250 10342 1500 10000 AR 147 10000 180 71 147 S8 9165 127 $0 155 61 
397 01%? 8963 1300 10000 60 165 970 — 26 — 89 168 66 735 130 $i 499 26 
436 — 04875... 7929 1150 10000 11 183 8150 26 жә 20 79 во 127 50 24 92 
5.55 02198 7240 1050 10000 82 196 6985 24 хк 24 92 5м 124 49. 29 106 
63s 02800... 617% 505 10000 91 2H 5110 218 &6 269 106 4585 122 аж 32 123 
Tl 0.2812. $861 8S0 10000 10.) 224 5435 M3 84 305 120 4075 19 427. M0 138 
7.94 03125 534 775 9780 10.7 aso m 83 кн 133 3665 IIT 46 30 154 
0.3437. 4999 725 8890 10.4 4445 206 BI 3B 147 3335 14 AS 49 16 
0.3750 464 675-8 150 10.2 4075 20 79 40 160 305 I2 44 470 185 
0.4062 i 4309 629 7 820 100 3760 198 78 — 499 175 280 09 43 508 200 
04375... 4137 600 6895 OR 349 195 726 45 187 260 107 42 $49 216 

119] — 0.468% 3792 55) 6520 oF 32809 | 75 SOK 20 2445 107 42 57 231 

1270 05000. 360 55 610 94 3055 185 73 зм 214 220 1M 41 67 27 

1.49 0:5312 3447 чю 5750 92 2875 183 72 59 эл 2155 0 40 655 262 

14:29 0.5625 348 500 540 90 275 18 74 6: заг 205 — 99 39 76 278 

5.08, 0,5038. 3275 474 5145 89 255 1759 вә ыж 190 99 19 749 295 

15.88 0.6250 31008 450 4m») 2M 87 2445 173 68 685 269 1835 97 38 79 310 

16.7 — 0662 394) 490 4655 218 86 19 67 76 282 175 9 37 828 326 

1746 0.6875 2930 425 4445 216 85 168 66 752 296 1665 9 эл 8€ 3I 

1825 0.7188. - 27K 40 4250 2и 83 S 65 — 780 07 1595 9 6 89 354 

1905 — 0.7500. 2758 400 4075 208 82 163 64 34 322 1530 9 36 95 372 











{a} Maximum ullowubte unsupported gun drill shank length. Length in excess of these values will cause shank lo whip (halloon). Source: Eldorado Tool & Manufacturing Corporation 
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Fig. 30 


Effect of speed ond feed on drill life. Holes for both series of tests were drilled through 13 mm (^ in.) thick specimens 7510 102 mm (3 to 4 in.) in diameter, with 
Fee ein in.) diom drills (118° included point angle, 29° helix "angle, 7^ clearance), using o 1:1 mixture of thread-cutng ‘oil and light machine oil os cutting fluid, 





1 20 25 30 a5 0 5 10 15 


опи life; number of holes 





(9) 


Drills for dato in (а) were 102 mm (4 in.) long and made of M2 а рева tool steel. Drills for dato in (b), (c); and (9) were ro am (21 in.) long, of T15 high-speed tool steel, 


ond ground with crankshaft points. The end point Sf drill life was the breakdown of the drill or o 0.38 mm (0.015 i 


and lighter cutting force offset the increased 
area of chip passing over the cutting edge. 
At high cutting speed, for which cutting 
temperature is à critical factor in drill life. 
reducing the feed is advantageous- At low 
cutting speed. for which cutting temper: 
ture is less critical, the longer chip and the 
increased rubbing over the cutting edge are 
likely to offset the advantages of lower feed. 
and drill life is likely to decrease. 
Hardness and Composition of Work 
Metal. The effect of workpiece material on 
tool in drilling carbon and low-alloy 
steels similar in composition and micro- 
structure can be interpreted in terms of 
hardness. The results of one comparison of 
this type are given in Fig. 31. Although 


Maximum drill life was found at the inter- 
mediate feed rate of 0.025 mmirev (0.001 
in.rev), with shorter drill life observed at 
either a higher or a lower feed rate. Only at 
0.025 mm/rev (0.001 in./rev) feed did drill 
life decrease progressively as speed was 
increased: at bath the higher and the lower 
feed rates, maximum drill life was obtained 
at a cutting speed of 9.1 m/min (30 sfm). 
The use of a light feed reduces cutting 
temperature and cutting force. However. if 
the feed rate is reduced by half, thi a of 
chip passing over the cutting edge is dou- 
bled. As a result, tool wear is likely to 
increase. Therefore, whether or not reduc- 
ing the feed rate is advantageous depends 
on whether the lower cutting temperature 


























Removal rate. 

















Cutting speed, stm Feed rate, in /rev in. тит Drill Me, im "grad. 
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Fig. 31 [ect workpiece hardness on drill Me for 6.4 mm (Va in.) (top row) and 13 mm (V+ in.) (bottom row) 
9. Els holes. Factors considered were cutting speed (а), feed rote (b), removal rate (с), ond drill life (d). 


Comparative drilling tests were conducted on three similar ibd. cach at o different hardness. On each steel, the tools 
Cof Pachning conditions used had been previously determined to provide maximum economy in driling that material 
ond hie wos based on the development of o predetermined amount ‘of wear on the edge of the drill. 





y wear land on the drill margin, whichever occurred first 


these results were affected to some degree 
by the use of a different tool material for 
drilling the softest steel, drill life (the 
amount of metal removed before the devel- 
opment of a predetermined wear land on the 
drill) was progressively shorter for increas- 
ing hardness of the steel being drilled 

The composition of carbon and low-alloy 
steels is usually of only secondary impor- 
tance in its direct effects on drill life. Effects 
of practical significance include those of 
frec-cutting additives, differences of 0.10% 
or more in carbon content, and substantial 
differences in the content of alloying ele- 
ments. Some of these dil Iferences in compo- 
sition also produce changes In hardness. 
Composition is of primary importance when 
it is necessary to improve drill life by heat 
treatment or cold reduction of the work 
material, or by selection of a more suitable 
work material 








Effect of Workpiece 
Hardness on Cost 


The hardness of the workpiece material 
exerts à major influence on drilling cost. 
Meaningful comparisons of the effect of 
hardness on drilling cost can be made for 
steels that are similar in composition and 
microstructure. 

Drilling Cost. Although drilling cost al- 
most always increases with increasing hard- 
ness in the range above 35 HRC (330 HB), 
the reverse effect is observed for low-car- 
bon steel at lower hardness. For low-carbon 
steel, there is usually an optimum hardness 
range for lowest drilling cost: this. range 
varies considerably according to composi- 
tion. For some low-carbon steels, a heat- 
treating operation 1s warranted to increase 
hardness before drilling. 

Overall Cost. In considering overall 
economy of manufacture. cost-per-pound 
differences among mechanically equivalent 








steels should be evaluated, along with the 
differences in cost of machining the steels. 
Even when machining costs for a grade of 
steel that is difficult to drill are much greater 
than for a similar grade that is not. the 
machining costs may be outweighed by the 
difference in cost per pound of the two 
steels. The heavier the part and the less 
machining done on it. the more important 
material cost is as a factor in total cost 


Determination of 
Optimum Speed and Feed 


A wide range of speeds and feeds can be 
employed to vield acceptable results in the 
drilling of most materials. particularly those 
that present no unusual difficulty in machin- 
ing. For materials that are unusually hard, 
soft and gummy. abrasive, or otherwise 
difficult to machine, the range of economi- 
cal operating conditions is narrow. For 
these materials. an optimum speed and feed 
can be determined by making drilling tests 
to establish the conditions for minimum 
cost per cubic inch of metal removed. 

Optimum drilling conditions are deter- 
mined by changing one variable (speed or 
feed) while holding the other constant. The 
first step is to select а near-optimum feed. 
Speed is then adjusted in increments to find 
the most economical speed. Selection of the 
near-optimum feed is based on previous 
experience. After this first series of opera- 
lions (the speed search). speed is held con- 
stant, and feed is varied in increments to 
verify or correct the initially selected feed 
rate (the feed search). 

The development of a predetermined 
wear land on the edge of the drill is the 
criterion for tool life. Different speeds and 
feeds cause wear at different rates. Attain- 
ment of a predetermined amount of wear, 
which is ascertained by the use of a hand 
microscope, marks the point at which each 
test is stopped. 

Cost Factors. In such a study, three fac- 
lors are included in the determination of. 
machining costs: tool-use cost, tool-change 
cost, and operating cost. Operating cost is 
based on andard cost per minute for all 
operations. Tool-change cost is obtained by 
the use of a specific rate of tool changing 
assigned to the operation. Tool-use cost 
includes the cost of new tools and the cost 
of regrinding. 

Total cost per hole drilled for each test 
condition is the sum of the following: 



































* Operating cost times the number of min- 
utes required to drill one hole 

* Tool-change cost divided by tool life in 
holes per tool 

* Tool-use cost divided by tool life in holes 
per tool 


Dividing this total by the volume of metal 
removed per hole gives the drilling cost in 


dollars per cubic inch of metal removed for 
each test condition. 


Testing to Evaluate 
Drilling Conditions 


Laboratory tests are usu: 
develop and evaluate dri 
and drill designs and materi without 
concern for machines and fixtures. This 
requires close control over test conditions 
(especially rigidity) and the provision of 
adequate, smooth power to the drill. Pro- 
duction tests are used to evaluate drill per- 
formance in combination with drilling ma- 
chines and fixtures. Accelerated tests may 
lead to erroneous coni ns because the 
wear or failure may be different in practice. 

Variation Among Drills. There is consid- 
erable variation in performance among 
drills of the same type and even on resharp- 
ening a single drill. Therefore, enough drills 
should be tested to allow for this variation, 
and drills should be sharpened often enough 
to represent shop practice. Sharpening 
should reproduce the original point of the 
drill and should include removal of the part 
of the drill that has metal pickup on the 
margin or has reverse back taper. The web 
should be thinned to its original dimensions. 
and the resharpened drill should be free 
from burns and checks. 

Criteria for Di fe. Preliminary testing 
is often necessary to determine realistic 
criteria for drill life. Workpiece material, 
cutting fluid, and operating conditions influ- 
ence the type of failure. Useful criteria 
include drill noise. drill wear, inability to 
cut, total failure of drill, inaccurate hole 
size. poor hole finish. burrs. drill breakage. 
and increase in the amount of torque re- 
quired for a given drilling operation. 

Interpretation of Results. Because of 
variations in drills, test conditions, and 
work material, a substantial number of tests 
usually must be made. As an illustration. 
differences of 30% or more between groups 
of identical drills can be detected reliably 
with about six drills of each type run 
through several sharpenings. Statistical 
analysis can indicate whether observed dif- 
ferences are significant. 

Caution must be exercised in interprcting 
st results because of the wide di an- 
cies shown by machining tests in general. 
For example, consider the data shown in 
Fig. Ха). Results were essentially the 
same in drilling 4130 and 4340 steel at 0.13 
mm/rev (0.005 in./rev) feed, but speed for a 
given drill life was 40 to 50% higher for 4130 
at 0.051 mm/rev (0.002 in./rev) feed. It 
could validly be concluded from these re- 
sults that this lot of 4130 could be drilled at 
higher speeds than 4340 at a feed of about 
0.051 mm/rev (0.002 in./rev). However, no 
conclusion could be drawn about 4130 and 
4340 steels in general without additional 
testing. 
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g techniques 







































Drilling / 233 





48 to 55 HRC Hardness 


Successful drilling of steel that has been 
heat treated to a hardness of 48 to 55 HRC 
depends mainly on the design of the drill, 
the rigidity of the machine setup, and the 
choice of tool material. As a rule, improve- 
ments in drill design and in machine and 
workpiece rigidity are of more direct benefit 
to drilling performance than is a change in 
tool material. A number of other conditions 
may also affect drill performance, and in 
certain cases. they may become critical. 
Among these conditions are feed and speed. 
the efficiency and adaptability of power 
equipment (portable or stationary), and the 
accuracy of working surfaces of the drill. 
The following three examples illustrate the 
effects of operating variables in drilling 
hardened steel. 

Example 5: Effect of Nitriding on the 
Drill Life of a High-Speed Tool Steel Drill. 
Blind holes, 6.91 mm (0.272 in.) in diameter 
and 15.75 mm (0.620 in.) deep, were drilled 
in 4335 steel hardened to 48 to 50 HRC. The 
drills had a life of only one to four holes per 
sharpening, and a breakage rate of 1 drill for 
every 16 to 20 holes. When the drills were 
nitrided, drill life was increased to 18 to 20 
holes per sharpening, and drill breakage 
was reduced to 1 drill for every 50 to 60 
holes. 

AII drills were standard heavy-duty drills 
ground from solid heat-treated high-speed 
stecl. Each had a split point ground with a 
positive axial rake of 3 to 4° on the split 
portion, an included point angle of 135° and 
à lip relief angle of 5 to 7°, ground flat 0.8 
mm (32 in.). 

Drilling was done in a radial-arm drill 
press with multiple speeds and automatic 
feed. Speed was 147 rev/min (3.20 m/min, or 
10.5 sfm). and feed was 0.05 mm/rev (0.002 
in./rev). 

Example 6: High-Speed Tool Steel Ver- 
sus Corbide Drills. For HII steel at 50 
HRC or below, M33, M34, and M36 high- 
speed tool steel drills of heavy-duty con- 
struction gave good results. Positive-drive 
equipment was used, with drill speeds of 7.6 
to 9.1 m/min (25 10 30 sfm) and feeds of 
0.013 to 0.018 mm/rev (0.0005 to 0.0007 in./ 
rev). 

Material harder than 50 HRC required 
solid-carbide drills with short flutes. Speeds 
of 12 to 15 m/min (40 to 50 sfm) and feeds of 
0.013 to 0.025 mm/rev (0.0005 to 0.001 in./ 
rev) produced satisfactory results. The de- 
sign of the solid-carbide twist drills used for 
holes of less than 6.4 mm (1⁄4 in.) diameter in 
this material is illustrated in Fig. 32(a) and 
(b): the design of straight-flute solid-carbide 
drills, for holes 6.4 mm (' іп.) in diameter 
or larger, is shown in Fig. 32(c). 

Example 7: Selection of Carbide 
Grade. Three grades of carbide (C-1, C-2, 
and C-3) were tested to determine which 
































234 | Traditional Machining Processes 


унде out 
wen 1h gkness П 

















CN ү! 
бә Or 
(Que Colt 


be primary 





кү асе n 








(a) Point details, twist drills 


Fig. 32 


diameter or larger. Dimensions given in inches 


was most suitable for 
sheet (5% Cr. 1.5% Mo) 





neously with 6.35 mm (0 
bide-tip drills. without а cutting fluid. 





"he softer 6% Co grade (С-1) failed be- 
ve burning. and 
chipping—all of which ultimately resulted in 
breakage. The hardest (and therefore most 
brittle) grade, C-3, which contained only 3% 
ailed by excessive chipping and break- 
ing during drilling ‘The C-3 also chipped and 





cause of abrasion, exces 








Co. 


broke in handling. 


The most satisfactory carbide was the 


les, С. 





harder of the two 6% Co gı 


showed only slight wear after testing: this 
grade was selected for machining on a pro- 


0.8 max center rehet 
at web tip 


0.8 min center web for 
length of flute 


Б" 


038-0.51 forward 
ot center 


7" primary clearance 


Single-face 
cutting tip 


30" max 
secondary clearance ^ 


038-051 
aft of center 


drilling H11 steel 
heat treated to 54 
HRC. Two sheets of this material, each 2.10 
mm (0.083 in.) thick, were drilled simulta- 
0 in.) diam car- 


.which c. 
c 
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Le) Straight-flute drills 


Details of solid-carbide drills used successfully on HI steel harder than 50 HRC. (a) and (b) Twist drills, 
for holes less than 6.4 mm (1 in.) in diameter. (c) Stroight-flute drills, for holes 6.4 mm (74 in.) in 





duction basis. (Although the C-1 and C-2 
grades tested both contained 6% Co, the 
C-2 was harder because of its finer grain 
size, which decreased the size of the softer 
cobalt lakes between grains.) 

‘The design of these drills is shown in the 
upper portion of Fig. 33; the tool life for 
each grade of carbide is plotted in the lower 
part. Composition. hardness, and grain size 
of the three grades of carbide were as 
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1 Top; design of carbide-tip drills used to drill H11 steel sheet at 54 HRC. Bottom: comparison of tool 
Fig. 33 1; 
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Indexable-Insert Dri 
(Ref 2) 


‘The most important recent advance in 
drilling technology was the development in 
the early 1970s of drills with indexable 
carbide inserts. These tools can produce 
relatively shallow holes from the solid at 
faster rates and lower cost than high-speed 
steel twist drills in many applications. 

Studies have shown that about 60% of all 
drilling applications in industry are consid- 
ered to be short holes having depths up to 
about three diameters. Many of these holes, 
as well as others up to five times the drill 
diameter, can be drilled with indexable- 
insert drills. Others are not pr stical to 
produce with these tools, because the holes 
are too small in diameter or because inade- 
quate machines (with respect to speed, 
power, and rigidity) are employed. 

The hole diameters that can be produced 
with indexable-insert drills vary with the 
tools available from different manufactur- 
ers. A common range of diameters offered 
by some manufacturers is 19 to 76 mm (Уа to 
3in.). The smallest tool commercially avail- 
able drills holes 16 тт C in.) and the 
largest, 127 mm (5 in.) in diameter. 5 
these tools contain up 10 SIX inserts. Figure 
34 shows two- and four-insert versions. 











Advantages 

The major advantages of indexable-insert 
drills аге increased productivity. reduced 
costs. and better ver: tility- 

Increased Productivity. The use of car- 
bide inserts brings drilling close to the ma- 
chining rates possible with turning and mill- 
ing. The higher cutting speeds possible 
permit holes to be drilled substantially fast- 
er than with high-speed tool steel twist drills 
and even faster than with carbide spade 
drills. The cycle time on sfer machines 
and other high-production applications is 
often determined by the capabilities of the 
high-speed tool steel drills used. With the 
faster penetration rates of indexable-insert 
drills often matching the rates of other op- 
erations. cycle times can generally be re- 
duced. Potential productivity is also in- 
creased because the almost flat lead angle of 
indexable-insert drills results in a shorter 
feed stroke before cutting. compared to 
twist or spade drills that have point angles 
(Fig. 35). For example. the feed stroke fora 
twist drill may be 13 mm (V^ in.) compared 
to 2 mm (Ум in.) for an indexable-insert 
carbide drill in the case of a 41.4 mm (1.63 
in.) diam hole being drilled to a 6 mm (9 
in.) depth in high-carbon steel; at a 260 m/ 
min (860 sfm) speed and a 500 mm/min (19.7 
in./min) feed rate, the carbide drill speed is 
eleven times faster than the high-speed tool 
steel twist drill (45 mm/min, or 1.8 in./min). 

Reduced Costs. The use of low-cost in- 
serts with multiple cutting edges eliminates 
regrinding costs. The multiple cutting edges 
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Fig. ЗА two types of indexable carbide insert drills (a) Two-insert drill. (b) Four-insert drill 


available provide savings from not having to 
replace the entire tool Indexing the inserts 
does not change their positions and the tool 
length, thus any tool resetting costs are 
eliminate: 

Versatility. Indexable-insert drills can be 
used as nonrotating tools for applications on 
lathes or other machines or as rotating tools 
on drilling machines, machining centers, 
and other machine tools. The machines 
used, however, must be rigid, must be in 
good condition, and must have ample speed 
and power capabilities. Some of the tools 
have the capability. when used on suitable 














machines, to perform boring as well as 
drilling operations. For example, mounted 
on the cross slide of an NC lathe. some 
tools can be moved radially outward to drill 
holes larger than the tool diameter or make 
а boring pass, thus improving the accuracy 
and finish of the hole. Other tools can 
perform turning, contouring, and facing op- 
erations, as well as multiple operations such 
as drilling, chamfering, and spot acing. 





Limitations 
The smallest-diameter hole that can be 
produced with the indexable-insert drills 
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Fig. 35 
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Feed strokes (dimension x) of three drills. The indexable-insert carbide drill (а), shown here with a trigon 
insert, has а much shorter feed distance than a standard twist drill (b) or o spade drill (с). 
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that are commercially available is 16 mm (Ж 
in.). The maximum drilling depth is gener- 
ally two to three times the hole diameter. 
Some tools, however, can drill to four times 
the diameter, and a few specials can drill to 
depths over five times the diameter. Index- 
able-insert drills are not precision hole-pro- 
ducing tools, and subsequent operations 
may be required for improved accuracies 
and smoother finishes. Small pilot holes are 
not useful and can be detrimental, and the 
tools cannot be used to enlarge existing 
holes. 

Indexable-insert drills require less thrust 
than twist drills because they have no webs 
or chisel edges, but they do require more 
power because of increased metal removal 
rates. Rigid machines in good condition, 
with adequate spced and power capabilities, 
and cutting fluid under pressure are neces- 
sary to take full advantage of the productive 
capabilities of these tools. Horsepower re- 
quirements increase proportionately with 
the drill diameter (Fig. 36). Bench, upright, 
and radial drilling machines are generally 
not suitable for use with these tools, be- 
cause they lack sufficient speed, power, or 
rigidity. Safety guards are required on any 
machine used for drilling through holes with 
the workpiece rotating and the drill station- 
ary because the slugs produced can be 
thrown outward at high velocity. 

Indexable-insert drills can be used to drill 
many materials. but most are not suitable 
for laminated or stacked materi: This is 
because the disks or slugs produced would 
be pressed into or welded to the next layer 
of material and because increased pressures 
can damage the inserts and possibly the drill 
body. The surfaces of workpieces to be 
drilled should preferably be flat. When us- 
ing negative-rake inserts, convex surfaces 
can present problems, and concave surfaces 
аге not generally. recommended, because 
they might throw the drill out of balance. 
Angular surfaces rising more than | mm 
(0.040 in.) in a 50 mm (2 in.) distance and 
interrupted cuts are also generally not rec- 
ommended for use with most of these tools. 
‘There are, however, successful applications 
with angular starting surfaces and interrupt- 
ed cuts when positive-rake inserts are used. 














Tool Design Considerations 

Indexable-insert drills of slightly different 
designs are available from various tool man- 
ufacturers. Most consist of a hardened alloy 
steel body (with a straight or a taper shank) 
held by an adapter attached to the machine 
spindle. Some tools are of one-piece con- 
Struction and others two-piece, with one of 
the two pieces being an interchangeable 
cutting head or nosepiece. 

The drills have straight or helical flutes or 
grooves, and internal coolant holes. Flute 
or groove design is criti ufficient space 
must be provided for the rapid removal of a 
large volume of chips, but an adequate body 
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Drill diameters, in 
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Fig. 36 depo requirements for various diameters of indexable men ee bide drills in three materials 
9. (£140 steel hard cast iron, and Type 316 stainless) inder varying conditions of speed and feed. А, 


4140 steel, 105 mimin (350 sfm), and 0.18 mmirey (0.007 in. rev); B, 4140 steel, 90 mimin (300 stm), and 0. 18 mm 
rev (0.007 in./rev); С, hard cast iron, 105 m/min (350 sfm), and 0.30 mmirey (0.012 in./rev); D, type 316 stainless 
Stoel, 75 m/min (250 stm), and 0.13 mm/rey (0.005 in./rev); E, 4140 steel, 60 mimin (200 stm), ond 0.18 mmírev 
(0.007 in./rev); F, type 316 stainless Moel. 55 mimin (175 stm), and 0.13 mmirev (0.005 in./rev) 


is supplied through a hollow spindle on the 
machine. 

Atthe cutting end of each flute or groove, 
recessed pockets are provided to locate the 
indexable inserts. Depending on the drill 
diameter and design of the tool. one to four 
inserts are generally used. A few drills. 
using toolholding cartridges, hold as many 
as six inserts. Some have a centrally located 


cross section must be maintained for 
strength. and rigidity. Coolant enters the 
tools. usually through tapped openings. and 
reaches the cutting zones from orifices near 
the inserts. Chips and coolant exit through 
the external flutes or grooves on the tools. 
Tn applications in which the tool rotates. an 
inducer or coolant collar (as with other 
coolant-fed tools) is required unless coolant 
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(a) 


Fig. 37 турко! insert configurations used in indexoble-insert carbide drills. (o) Square. (b) Trochoid. (c) Trigon 





insert. positioned slightly ahead of the oth- 
ers. for self-centering purposes. The inserts 
are mounted in positions and at attitudes to 
counteract each other's lateral cutting forc- 
es, thus minimizing side loads. This is nec- 
essary because the tools are not guided by 
the holes being drilled and because guide 
bushings are not used. 


Insert Configurations 

Round. square. triangular. diamond, 
trigon, trochoid. parallelogram, hexagonal, 
and octagonal carbide inserts are used by 
different tool manufacturers (Fig. 37). The 
inserts may or may mot be the same size. 
depending on the drill design and diameter. 
Some inserts have dimples. grooves. 07 
special geometries for chip-breaking pur- 
poses. 

The geometry and 







positioning of the in- 
serts are important to the performance and 
efficiency of the drills. Continuing improve- 
ments are being ma de in insert geometries 
to ensure constant chip control. Depending 
on the insert shape and application, some 
drills are equipped with negative-rake in- 
serts. requiring negative-rake placement. 
Others are designed for positive-rake in- 
serts that are placed (0 provide either à 
neutral or a positive axial rake angle. Posi- 
tive geometries generally develop less cut- 
ting and axial thrust forces and require less 
horsepower than negative geometries. 
D tive rake in à negative insert. howev- 
er, can be higher and can develop lower 
forces than a positive-rake insert. Replace- 
able anvils under the inserts can help pre- 
vent damage to the tools in case of insert 
breakage. 

The grade of carbide used for the inserts 
varies with the application. Classification 
C-5 is extensively used for drilling many 
steels: C-2 is used for cast irons and nonfer- 
rous metals. Coated inserts (especially tita- 
nium nitride) are also widely employed be- 
use they permit higher cutting speeds (to 
305 m/min, or 1000 sfm, or more) and are 
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Table 8 Recommended cutting parameters for indexable drills with uncoated and titanium-coated carbide 












































inserts 
— == 
Г Drill sve i Standard length—) — |— Noble в) | Feed 
Material mm in. mimin чт тїтїп тилге тле, Insert stylela) Grade 
Carbon steel (1000 series) 19-30 DEUS 90-300 000-650 WAS 300-800 бкр 0003-0005 SPGM СЫ 
32-465 а 90-200 М0-850 90-245 — 300-800 0080.15 0005-0006 SNMG 
475 WAT. 90-2000 — 300-650 90-245 — 100-800 010-020 0.004-0.008 SNMM-ND 
39-75 Mel 90-200 — 300-650 0-245 — 300-800 013-025 00005-00000 SNMM-N 
Free-machining steels 
(100 and 1200 series) 19-30 Yalt 000-215 400-700 120-275 — 400-900 бїз 0003-00058 SPGM 
3230.5 Daine 120-215 400-700 120-275 — 400-90 0.10-0.15 0004-0006 SNMG 
CAT To 120-215 400-700 120-275 400-900 — 008-030  0.005-0.008  SNMM-ND 
39-75 [DEI 120-215 400-700 120-275 400-90 — 0.10.0 — 0006-00020 SNMM-ND 
Alloy steels (4000. 5000. KON) 
amd 9000 series) 19-30 уь 60-195 200-600 40-200 20650 0.08-0.11 003-0408 РОМ 
HS 1-1% 60-195 200-000 60-200 200-650 0.10-0.15 — 0.004-0.006 NMG 
475 Des 60-185 200-600 4-200 00-650 (013-020  0,005-0.008 NMM-ND 
49-78 60-185 200-600 40-200 — 200-680 — 0.15-025.— 0006-04010  SNMM-ND 
Tool steel 19-30 60-120 — 200400 9O-ISS — 30-600 — 0.08011 0,003-0.008.— SPGM 
32-465 60-120 200-400 90-185 00-6000 0.10-0.15.— 0.004-0.006. NMG 
MATS 60-120 200400 IRS — 300-600 —— 0.132020 — 0,005-0,008 NMM-ND 
49-75 40-120 — 200-400 WARS — 3-600 — 015-025 0006-0010  SNMM-ND 
Cast iron 19-0 y 45 — 400-800 120-975 — 400-900 — 0,10-020 040-0008 SPGM 
32-36.5 йз 120-245 400-800 120-275 400-90 — 013-025 — (1005-0010. 5ММС 
3847.5 1и Га 120-24 400-900 120-275 — 300-900 — 0.15030 бов? SNMM-ND. 
49-75 Vei 120-24 — 400-800 120-2758 400-900 020-038 0008-0015 SNMM-ND. 
Stainless steels (Types 303, 
304 and 316, 416) 19-10 45-108 150-350 45-180 — 150-800 — 0.08-0.10.— 0.003-0.04 — SPGM 
0-65 45-105 180-380 45-150 150-800 — 010-013 0.004-0.05 ММО 
38-475 45-105 150-350 45-180 — 150-500 0100.15 0.004-0.008 SNMM-ND 
44-75 45-105 180-350 45-1580 150-500 0,13-020 — 0005-0008 SNMM-ND 
Nüralloy 135... 19-30 45-100 150-200 45-100 150-200) 0.13-018 0005-0007 SPGM 
0-46.5 45-120 180-200 45-120 150-200 013-018 0405-0007 SNMG 
N45 45-120 — 180-200 45-120 — 180-200 0130.18 0.000.007 
39-15 48-130 150-200 45-000 150-200 0130.18 0005-01007 
Inconel 100 19-30 75-110 25-38 75-H0 — OOOD 0,003-0,004 
3236.5 75-110 25-35 75-110 — 0,080.10 — 0403-0,004 
3847.5 7510 25-35 тео 0080.10 — (.003-0.004 
49-75 75-110 25-35 75-10 — оокою 0.003-0.004 
Aluminum: 20171 and 
WAT. выт 19-30 600-200 — INS-490 — 600-1800 — 020.025 — 0.008-0.010 
320.5 400-1200 —— 1NS-490 — 600-1800 — 0.20-0.30 00080.02 
SAT. 600-200 — 185-490 — 600-1800 — 025-038 © 0.010-0.018 
49-78 пз INS-A8S — 600-1200 — INS-490 00-160) 0,30-0,41 0,012-0,020 
(a) Inverts are designated by a letter code indicating such specifications as shape. stearance angle, tolerance». amd hole size. ibi Titum coated. (ct Unciired. Source Metal Cutting Tools. Inc 





less prone to the formation of built-up edges. 
Inserts made from different grades of carbide 
are sometimes used in the same tool. depend- 
ing on insert position and cutting speed. 

Inserts are held in the drill pockets by 
screws or cam-locking pins. eliminating the 
need for clamps. which would obstruct chip 
flow. It is important that the screws or pins 
be securely tightened, but not overtight- 
ened, Loose inserts will cause chatter and 
possible tool breakage. Some indexable- 
insert drills. especially — larger-diameter 
tools, are equipped with cartridges that re- 
duce costs in case of insert failures because 
they provide protection for the main body 
of the tool. 





Indexable-Insert 
Drill Applications 

Indexable-insert drills are primarily used 
for producing holes in steels and irons. 
More ductile materials such as aluminum 
and copper are also drilled with these tools. 
but chip ejection may be a problem for some 
applications. When soft, ductile, and gum- 
my materials are being drilled. chip control 
can be a problem, The thicker chips pro- 


in.), or at a radius equal to half the length of 
the table. Runout of the spindle should not 
exceed 0.0025 mm (0.0001 in.) in any posi- 
tion. Spindle speeds are high. ranging from 
3000 rev/min, for drilling holes near 1.6 mm 
(Vie in.) in diameter to 20 000 rev/min or 
higher for drilling holes 0.25 mm (0.010 in.) 
in diameter or smaller. 

To minimize vibration. the machine is 
belt-driven by a anced, vibration- 
damped motor mounted on a separate 
stand. The required sensitive feed is provid- 
ed by a balanced crossarm or by a rack and 
pinion controlled by а knoblike wheel. 

Larger machines for microdrilling have 
precision chucks or collets to hold the drill. 
However. for drills smaller than 0.38 mm 
(0.015 in.) in diameter, a one-piece spindle 
and drill that revolves in a jeweled V-block is 
used. 

Drills larger than 0.20 to 0.25 mm (0.008 
100.010 in.) in diameter may be of either the 
twist or the spade type (the latter are also 
known as pivot-type drills). Drills smaller 
eler's drill press (Fig. 2). Alignment of spin- than this are usually of the spade type, 
dle and table at any position should be although twist drills have been made in 
within 0.013 mm in 152 mm (0.0005 in. in6 diameters as small as 0.099 mm (0.0039 in.). 


duced with neutral or negative-rake inserts 
tend to pack in the flutes or grooves. The 
tools are not suitable for drilling soft mate- 
such as rubber or plastics. 

hese tools are especially advantageous 
for medium- and high-production applica- 
tíons on NC and transfer machines. They 
are also used for many low-production ap- 
plications on manual machines. lathes. and 
other machine tools if the machines have 
the required power. speed. and rigidity. 
Table 8 lists suggested cutting for uncoated 
and titanium nitride coated inserts. 














(Microdrilling) 


The drilling of small holes (diameters of 
0.025 to 3.2 mm, or 0.001 to W in.) requires 








machines, drills. techniques. and operator 
skills different from those used in conven- 
tional drilling. 

Machines used for drilling small holes are 
usually bench-mounted and resemble a jew- 
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Drills smaller than 0.38 mm (0.015 in.) in 
diameter have their own mandrels. When 
drills are broken, mandrels are returned to 
the factory for the insertion of new drills. 
Incorporating the drill in a mandrel makes it 
possible to grind the drill point concentric 
with the mandrel. Drills are available in 
three classes of tolerance: 

e 0.0000, —0,0025 mm (+ 0.0000, — 0.0001 
in.) 

ө 0.0025 mm (0,0001 in.) 

е 0.0050 mm (10.0002 in.) 








An included point angle of 135° with an 8° 
clearance angle is usual for drilling steel: a 
118° point angle with a 15° clearance angle is 
usual for drilling soft nonferrous metals. 
The point angle influences hole size because 
small angles improve centering. 

Carbon-tungsten special-purpose tool 
steels such as F2 or F3 are extensively used 
as materials for small-diameter drills. High- 
speed tool steels are used less often for 
these drills than for larger drills. 

Techniques. To produce small holes that 
are accurate in size and finish, extreme care 
must be taken in grinding the drill and in the 
drilling technique (centering and feeding) 
because: 











* Space for chip removal is limited by the 

er ratio of web thickness to diameter 
of small-hole drills. 

* Pressure on the end of the drill is greater 

* Longitudinal and torsional deflections are 
greater because of the high ratio of length 
to diameter 








In small-hole drilling. the formation of 
metal powder rather than chips may result 
This condition may lead to packing, causing 
the drills to break. Packing can be alleviated 
by frequent clearing of the hole by complete 
removal of the drill and application of 
lubricant. Frequent tool withdrawal to clear 
ips is known as peck drilling. One suc- 
cessful technique is the following: 











* The drill is withdrawn for chip clearance 
after the initial penetration has reached а 
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the drill 
pene- 


depth no greater than three timi 
diameter (a lesser depth for 








tration may be required for some materi- 
als) 







is made after penc- 

progressed for 1¥2 times the 
drill diameter beyond the first cut 

ө The drill is again withdrawn following 
each succeeding cut to a depth of thr 
fourths the drill diameter 





Speed and Feed. The spindle speeds 
used for drilling small holes are high com- 
pared to those used for ordinary drilling, but 
surface speeds, for holes down to about 
0.20 10 0.25 mm (0.008 to 0.010 in.) in 





objective is a speed-and-feed combi: 
that produces a true chip. If excessive 
speed is used. it becomes impossible to 
obtain a feed great enough to form a chip. 

For drilling holes smaller than about 0.20 
mm (0.008 in.) in diameter, the smaller the 
drill. the lower the speed that is permitted 
Applications have been reported in which 
speeds as low 50 rev/min (0.003 to 0.006 
m/min, or 0.01 to 0.02 sfm) were used for 
drills approaching 0,025 mm (0.001 in.) in 
diameter. 

Feeds as great as 0.025 mav/rev (0.001 in./ 
rev) are often used. However, hand feeding 
is normal for drilling extremely small holes. 
and the rate of feed will vary widely among 
operators. Successful drilling of small holes 
requires considerable operator skill and feel 
for feeding the drill. In drilling extremely 
small holes, even an experienced operator 
will often break one or two drills when 
starting a work period before this feel is 
regained 

Cutting fluid requirements for drilling 
small holes differ somewhat from those for 
large holes, mainly because intermittent 
thdrawal of the drill disposes of chips and 
also cools the drill. Therefore, in small-hole 
drilling. the main requirement of a cutting 
fluid is lubrication. The usual practice is to 
coat the drill with lard oil (or a similar 





























Speed. at 7875 revmin, 
тишип isi) 

Feed, mmirev (тотемі 

Cutting Puid 


I5 (82) 
42540,9010) 
Sulfochtorinated oil 

(play fat). 
Drilling time per hole. x ie 


Drill life per grind. pieces 1200 

i The ratio (12.5.1) of depth to diometer of 
Fig. 38 paie in this part was the maximum copa- 
bility of the standard twist drill used to drill a copper- 
nickel-tellurium alloy. Dimensions in figure given in inches 





lubricant) at each withdrawal, either by 
hand brushing or with a lubricant dispenser. 
Example 8: Microdrilling of a Copper- 
Nickel-Tellurium Alloy. The 0.635 mm 
(0.025 in.) hole in the copper-nickel-tellu- 
rium alloy part shown in Pig. 38 was made 
with a standard twist drill 0.635 mm (0.025 
in.) in diameter, with flute length of 7.9 mm 
(s in.) The part was drilled in à multiple- 
operation machine. The drill was withdrawn 
six times to clear the chips. Drilling was 
more difficult than normal for this type of 
operation because the hole depth and flute 
length were the same. This drilled hole 
represents about the maximum depth that a 
standard twist drill of 0.635 mm (0.025 in.) 
diameter can produce within the 0.076 mm 
(0.003 in.) total tolerance specified. Pro- 
cessing details are given with Fig. 38. 
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REAMING is a machining operation in 
which a rotary tool takes a light cut to 
improve the accuracy of a round hole and to 
reduce the roughness of the hole surface. 
Most reamers have two or more flutes, 
either parallel to the tool axis or in a helix. 
which provide teeth for cutting and grooves 
for chips. 

Reaming and boring are related processes, 
and sometimes their applications. overlap. 
(There are even tools identified as reamers by 
some and as boring tools by others.) Hole 
diameter and length. or required straightness 
or tolerance, usually indicate whether ream- 
ing or boring is to be used. 


Process Capabilities 


Although steels that range in hardness 
from about 15 to 30 HRC are the metals 
most often reamed, the process is widely 
used for finishing holes in cast iron. Ream- 
ing Iso used for the softest nonferrous 
metals as well as for steels with a hardness 
of 52 HRC or higher. 

Hole Diameter. Most holes reamed are 
32 to 32 mm (И to 1% in.) in diameter. 














Reamers are commercially available for 
holes as small as 0.35 mm (0.0135 in.) in 
diameter, and specially designed reamers 






are available for 0.1 mm (0.005 in.) diam 
holes. Solid reamers are available for holes 
up to 50 mm (2 іп.) in diameter and are 
specially made for holes up to 75 mm (3 in.) 
in diameter. Reamers of other types are 
available for holes up to 150 mm (6 in.) in 
diameter. 

The hole length that can be successfully 
reamed depends on reamer diameter, meth- 
od of holding and driving the reamer, and 
required dimensional accuracy. Reamer di- 
ameter determines the maximum length of 
the reamer cutting edge. which affects the 
length of hole that can be reamed accurate- 
ly. For example, the cutting edge of a 0.35 
mm (0.0135 in.) diam reamer may be as long 
as 19 mm (% in.) (a length-to-diameter ratio 
of 55:1). but that of a 150 mm (6 in.) diam 
shell reamer is usually no longer than 150 
mm (6 in.). In most applications with 
dard reamers, the length of the hole being 
reamed ranges from only slightly longer to 
considerably shorter than the culling edge 
of the reamer. However, the length of the 
cutting edge does not necessarily limit the 
length of hole that can be reamed. Shank 
length can be extended to permit the ream- 

















ing of holes several times longer than the 
cutting edge of the reamer, but this makes it 
difficult to guide the reamer and to hold 
dimensional tolerances. 

In the horizontal reaming of holes several 
times longer than the cutting edge of the 
reamer, the difficulty of maintaining finish 
and dimensions is sometimes increased by 
misalignment in the machine. This can be 
minimized by the usc of reamers with short- 
er cutting cdges. With special tools. such as 
gun reamers, accuracy can be attained in 
reaming holes many times longer than thc 
cutting edge. 

Stock Removal. Most reaming operations 
are not intended for the removal of large 
amounts of stock. This can usually be done 
more economically by other processes, 
such as drilling. boring, or core drilling. 
When more than 0.5 mm (0.020 in.) on 
diameter must he removed from a hole less 
than 50 mm (2 in.) in diameter, special 
reaming methods or boring is usually con- 
sidered. Special reaming methods may in- 
clude the use of gun reamers or rough and 
finish reaming with different types of tools, 

The practical minimum stock for reaming 
is greatly influenced by workpiece compo- 
sition and hardness. Because reaming is a 
cutting operation, chip formation is re- 
quired for efficient operation. If too little 
stock is being removed, the reamer will 
burnish the work rather than cut it: this will 
result in damage to the reamer and the work 
surface. For soft metals, the removal of 0.2 
mm (0.008 in.) on diameter per pass is near 
the minimum, depending on hole length and 
tool rigidity. For harder metals, because of 
the difference in chip formation, this 
amount can be reduced to 0.13 mm (0.005 
in.). For the removal of less than 0.13 mm 
(0.005 in.) of stock. another machining pro- 
cess. such as honing, is usually preferable. 

Tolerances. Reamers are ground to size 
to eliminate tool adjustments during pro- 
duction runs. Tolerances of 0.025 to 0.075 
mm (0.001 to 0.003 in.) on diameter are 
practical in production reaming. Tolerances 
of less than 0.025 mm (0.001 in.) can be 
maintained, but this requires closer-than- 
normal control of reamer dimensions, ream- 
ing feed and speed, and all other operating 
variables. For reaming to extremely closc 
tolerances, it is sometimes helpful to reduce 
the back taper of the reamer slightly and to 
match the guide bushing with the reamer so 
that minimum clearance may be obtained. 














The finish of a reamed hole depends on 
workpiece hardness. condition of cutting 
edges, feed, and speed. Under optimum 
conditions, it is possible to obtain finishes 
of 1.00 pm (40 pin.) or less. However, in the 
production reaming of annealed steel, 2.50 
to 3.20 pm (100 to 125 pin.) is more com- 
mon. When extremely smooth surfaces are 
required, methods such as honing or bur- 
nishing should be considered. 


Workpiece Material 
and Hardness 


The hardness of carbon and low-alloy 
steels has a greater effect than composition 
on reamability. The results of tests to deter- 
mine the effect of workpiece hardness in 
reaming are shown in Fig. 1. Speed. feed, 
metal removal rate, and reamer life were 
compared for reaming holes of 6.4 and 13 
mm (4 and їп.) diameter in three similar 
low-alloy steels (4130, 4330, and 4340) at 15, 
47. and 52 HRC, respectively. With increas- 
ing hardness of the steel workpiece, the 
metal removal rate was progressively lower 
because of the reduced cutting speed and 
feed rate. Life of the M10 high-speed steel 
reamers used also decreased progressively 
despite the reduction in speed and feed. 

Soft metals such as aluminum and brass 
can be reamed at speeds five to ten times 
greater than those for annealed steel. How- 
ever, free-cutting low-carbon steel, such as 
1113, can be reamed to a smooth finish at 
nearly the highest speeds. On the other 
hand, low-carbon steel that does not con- 
tain additives for free cutting. such as 1015. 
produces stringier chips, thus yielding a 
rougher finish and requiring slower speeds. 
As carbon content is increased, even in 
free-cutting steel, abrasiveness is increased, 
and this shortens tool life. 








Probably every type of machine capable 
of rotating a tool or a workpiece has been 
used for reaming. Reamers are sometimes 
driven by hand-held air or electric motors, 
especially when only a few parts require 
reaming or when the equipment must be 
taken to the workpiece. Relatively large 
workpieces are rotated in an engine lathe, and 
the reamers are fed from the compound rest 
or the tailstock of the lathe. Most production 
reaming. however, is done in drilling ma- 
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Fig. 1 


chines or as one machining step in a turret 
lathe or other multiple-operation machine. 
Machines having automatic feed can hold 
close tolerances more consistently than hand- 
fed machines. The various machines used for 
production reaming are described in the arti- 
cle “Drilling” in this Volume. 

Selection. [n many applications. reaming 
is supplementary to, and performed in the 
same sequence with. other operations. such 
as drilling. Under these conditions, the ma- 
chine is selected mainly for the primary 
operation. 

For the production reaming of holes less 
than 32 mm (17 in.) in diameter. machines 
that rotate the tool and hold the workpiece 
stationary (drill presses, for example) are 
usually the most practical and economical 
Guide bushings can be used in these ma- 
chines to maintain tolerances of 0.075 mm 
(0.003 in.) or less for holes that are seve 
diameters long. 

For maximum accuracy. however, W ts 
preferable. if size and shape of the work- 
piece permit, to rotate the work and hold 
the tool stationary. This also applies to the 
reaming of holes that are considerably la 
er than 32 mm (14 in.) in diameter or th: 
have a length-to-diameter ratio of more than 
about 8:1. 

Size and shape of the workpiece are often 
major factors in the choice of a machine for 


























Hec! of the hardness of а low-alloy steel workpiece on reaming conditions and reomer life (M10 
high-speed steel reomers). (a) 6.4 mm (1/4 in.) diam holes. (b) 13 mm (‘ in.) diam holes 


reaming and for drilling or other operations 
that precede reaming. In many es. al- 
though only relatively small holes are to be 
reamed, the workpiece is too large or heavy 
to be rotated in machines such as turret 
lathes. In other cases, Workpiece size or 
weight may allow rotation, but asymmetric 
shape makes rotation їтїр al. For ci- 
ther condition, the reamer must be rotated 
in machines such as drill presses or boring 
mills. Relatively small holes in extremely 
large workpieces are often reamed by por- 
table, hand-operated machines- 














Reamer Materials 


Hand reamers are usually made of a car- 
bon or low-alloy tool steel, such as WI or 
Ol, hardened to 62 HRC or higher. Ream- 
ers for machine operation are made of either 
high-speed steel or a lower-alloy tool steel 
for the shank, with carbide inserts for the 
cutting edges. The high-speed steels most 
used for reamers include T1. M2, M7. and 
MIO. For reaming especially hard or abra- 
ve metals, high-speed steels with a higher 
vanadium content. such as T15. M3, or 
M4. are often used because they give longer 
life than the lower-alloy steels. 

Because the load imposed on the tool in 
reaming is usually far less than in drilling, 
reamers require less toughness than drills. 
































Margin, mm (in.) Тв л) 
Chamfer length. mm (in) 1.6 (Man) 
Chamfer angle... - й as 
Chamfer relief angle 9" 


Radial rake angle 





Typicol design of a straight-flute solid ream- 
Fig. 2 or details in the table are for reamers 13 10 
50 mm (12 to 2 in.) in diameter. “Actual size" in 
illustration refers to the actual measured diameter of а 
теотет, which is usually slightly greater than the nominal 
size to allow for wear. 


Instead, reamers should be of maximum 
hardness (65 HRC or higher) to obtain op- 
timum surface finish and tool life. 

Many standard and special reamers are 
made of solid carbide or contain carbide 
inserts. Although more expensive than 
high-speed steel, carbide will often outlast it 
ten times or more when reaming steel at 
near-optimum hardness (~20 HRC). Be- 
cause of the longer life of carbide reamers, 
they are preferred for use on steel harder 
than 40 HRC 

For the efficient use of carbide, maximum 
rigidity is essential in the machine, reamer, 
and workpiece. Even with a machine in 
first-class condition, if the unguided or un- 
supported length of the reamer is more than 
six times its diameter, the use of carbide 
becomes questionable. If chatter develops, 
the life of carbide tools will be markedly 
shortened. If chatter is likely to occur. 
high-speed steel reamers should be used, 









Reamer Design 


‘The design of a typical straight-flute solid 
reamer is shown in Fig. The cutting 

ngles and other tool details given in the 
accompanying table usually are not appre- 
ciably modified for reaming different work 
metals, except that the chamfer relief angle 
is generally increased to 12 10 15° for soft 
metals such as aluminum. 

Sometimes. however. minor changes 
from the typical values shown in Fig. 2 can 
improve results. For example. the normal 
45° chamfer angle at the lead end of a 
reamer is sometimes modified to obtain à 
better finish on the reamed surface. 

The eight flutes shown in Fig. 2 are 
typical of a 25 mm (1 in.) diam reamer. 
Fewer flutes are used in smaller reamers, 
and more are used for larger ones (50 mm, 
or 2 in.. diam reamers usually have 12 or 
more flutes) 

















If a reamer has too many flutes, it will not 
provide enough space for chips. If it has too 
few, it is likely to chatter, especially if it is 
a straight-fute reamer. Other possible con- 
siderations in choosing the number of flutes 
are discussed in the following two exam- 
ples. 

Example 1: Six Versus Ten Flutes. 
Changing from a six-flute chucking reamer 
to one with ten flutes increased tool life by 
nearly 3596. Comparative results from 12 
production runs with each type of reamer 
Were: 











TEES Alloy 377 (forging brass) 














Sivflute  Теейше 
Pieces per grind (average) 1052 1417 
Pieces per tool....... 12 024 17004 





Both types of reamers were operated at a 
speed of 30 m/min (100 sfm) and a feed of 
0.74 mm/rev (0,029 in./rev). 

Example 2: Revised Reamer Design to 
Meet Close Tolerances, Close tolerance 
(£0.01 mm, or £0,0005 in.) was specified 
on the diameter of the flat-bottom blind hole 
reamed to a depth of 2.00/1.97 mm (0.786/ 
0.776 in.) in the alloy 377 forging shown at 
the top of Fig. Parts were rejected be- 
cause the eight-flute reamer originally used 
(lower left. Fig. 3) was forced off center in 
bottoming out, causing out-of-roundness at 
the base of the hole 

Changing to a single-flute reamer (lower 
right, Fig. 3) and incorporating two wear 
strips to prevent the tool from being forced 
off center when bottoming out resulted in 
parts meeting required tolerance. Both 
reamers had carbide cutting edges and the 
same speed and feed. 














lection of Reamer 


Any reamer must of course be compatible 
with the machine in which it will be used. 
Apart from this, reamer selection is primar- 
ily governed by one or more factors: 





* Composition and hardness of workpiece 
* Hole diameter 

* Hole configuration 

* Hole length 

* Amount of stock removed 

* Type of fixturing, when used 

* Accuracy and finish requirements 

* Production quantity 

* Cost (initial and maintenance) 

* Salvage value 





When more than one type of reamer can 
produce acceptable results, the choice may 
depend on tool availability or established 
shop practice regarding the standardization 
of tools. 

Composition and hardness of the work- 
piece are more likely to affect the choice of 
reamer material than type of reamer. How- 
ever, there are notable exceptions: for ex- 
ample. shell reamers have been less s 
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Fig. 3 Chose from eight-flute reamer (bottom let) 
Ө. З 10 single-flute reamer with wear strips (bot- 
tom right) to eliminate out-of-roundness in reaming the 
blind hole in the forging shown at top. Dimensions given 
in inches. Workpiece hardness: 45 HRB 





factory than solid reamers for reaming hard 
and tough metals. 

Hole Diameter. For holes more than 50 
mm (2 in.) in diameter, solid reamers made 
of high-speed steel are seldom used. mainly 
because they would be too expensive. Shell 
reamers are usually a better choice for holes 
of this size. 

Hole Configuration. When holes to be 
reamed have keyways or other irregulari- 
ties, spiral-flute reamers are preferred. This 
is because straight flutes may fail to bridge 
these irregularities, thus causing chatter. 

Hole Length. When hole length is not 
more than two diameters, several types of 
Teamers are suitable. However, as the 
length-to-diameter ratio increases, so does 
the problem of maintaining accuracy. Guide 
bushings and pilots often solve the problem, 
but when accuracy must be maintained in 
long holes, special reamers are required. 

Amount of Stock Removed. When large 
amounts of stock are to be removed, a solid 
or a special reamer is usually preferred. 
Shell reamers are not suited to the removal 
of large amounts of stock. In some heavy- 
removal applications. reaming is done in 
two stages. using a shell reamer for the 
second stage. 

Type of fixturing (when used) deter- 
mines whether or not a piloted reamer is the 
best choice (see the section “Bushings and 
Fixtures” in this article). 

Accuracy and finish requirements are 
related to several other factors. For greater 
accuracy. the workpiece should be rotated, if 
possible. Therefore, the reamer shank must 
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fit the chosen machine. Accuracy depends on 
the rigidity of the setup and on the method of 
guiding the reamer. Self-guiding reamers are 
usually chosen for greater accuracy and finer 
finish in reaming long holes. 

Production Quantity. For reaming a few 
pieces that can be produced with a single 
sharpening of the reamer, the simplest type 
is the logical choice. For long production 
runs, adjustable types should be considered 
to minimize sharpening and downtime. 

Cost. Reamer cost must be considered 
from three related standpoints: initial cost, 
maintenance cost, and salvage value. High 
initial cost is often warranted because of 
low maintenance cost; for example, ream- 
ers with inserted carbide blades cost more 
than solid steel reamers, but may finish ten 
times as many holes per grind. In addition, 
large reamers made of solid high-speed steel 
may seem excessively expensive, but their 
salvage value is high. 

Salvage Value. The amount realized 
from the sale of a worn-out high-speed steel 
reamer is small compared to its original 
cost. It is common practice, therefore, to 
rework a worn-out solid reamer to a smaller 
size rather than sell it for scrap, The econ- 
omy of reworking depends mainly on 
whether or not the necessary equipment is 
available; the advisability of buying such 
equipment depends on the amount of tool 
rework to be done. Worn-out reamers can 
sometimes be sold to tool shops where they 
will be reworked for resale. If this is done, 
the salvage value will be greater than if the 
reamers are sold for scrap. 

The extent to. which a reamer can be 
reworked is also governed by the reamer 
design. A large reamer can be reworked 
progressively to smaller and smaller sizes, 
but this practice is limited by reamer design. 
The limit of decrease in reamer diameter by 
reworking is usually governed by depth of 
flute. When the diameter is so small that a 
further decrease would require deepening of 
the flutes, the reamer is usually scrapped. 

















Types of Reamers 


Standard reamers include these principal 
types: 


© Straight-flute chucking reamers 

* Spiral-flute chucking reamers 

* End-cutting reamers. 

* Adjustable reamers 

* Shell reamers (and expandable reamers) 
. 

е 








Floating-blade reamers 
Gun reamers 


There are also numerous types of special- 
purpose reamers, including dicmaker's 
reamers, taper reamers, bridge reamers, 
pipe reamers. drill-and-reamer combina- 
tions, and multiple-diameter reamers. 

In the following eight sections of this 
article, the various types of reamers named 
above are described. and their areas of 





242 | Traditional Machining Processes 





























Fig. 4 straight-fluie chucking reamers 


applicability are discussed. Many of these 
sections also cite examples of production 
applications for specific types of reamers. 


Applications of Straight-Flute 
Chucking Reamers 

Straight-flute chucking reamers are gen- 
eral-purpose solid reamers designed for use 
in various machines, such as drill presses, 
turret lathes, and automatic bar or chucking 
machines, They are available with taper or 
straight shanks (Fig. 4) and therefore can be 
held in collets or split bushings, or by 
setscrews. These reamers are most readily 
available in diameters of 1.2 to 38 mm (У 
to 1 in.), in steps of 0.4 mm (Ve in.); they 
are seldom made in other sizes. 

Straight-fute chucking reamers are nor- 
mally pointed with a 45° chamfer and are 
suited to reaming almost all metals. However, 
keyways or other irregularities in holes, tol- 
erance requirements, blind holes, amount of 
stock that must be removed, or workpiece 
hardness may demand the use of reamers 
other than this general-purpose type. 

A jobber's reamer is à modified straight- 
flute chucking reamer, The primary differ- 
ence between the two is that the flutes of 
the jobber’s reamer are about twice as long 
in proportion to overall length. 








Applications of Spiral-Flute 
Chucking Reamers 

Spiral-flute chucking reamers differ from 
straight-flute. reamers only in that. their 
flutes are milled in a helix. They are used in 
the same machines and are available (with 
straight or taper shanks) in the same sizes as 
straight-flute reamers. Spiral-flute reamers 
cut with a [ree-rcaming action and are used 
for the more difficult-to-ream materials. A 
typical spiral-flute chucking reamer is 
shown in Fig. 5(a). 

Spiral-flute reamers are better than 
straight-flute reamers for reaming holes t 
have irregularities such as keyways (Fig. 
5b). The spiral cutting edges bridge these 
irregularities, and this minimizes chatter. 
surface roughness. and size variation and 
prolongs reamer li 





















Applications of 
End-Cutting Reamers 

An end-cutting reamer, which may have 
either straight or spiral flutes, has no cham- 








as re lard) 


Redesign of spiral-flute reomer for key- 
wayed hole. Surface roughness of 2.3 ит 
obtained with conventional spiral-flute reamer 
keywayed hole (b), was reduced to 1.25 


Fig. 5 





(a) in rear 
ит (50 pin.) by modifying lead 
Dimensions given in inches 





angle as in (©). 





fer on the end for use as a lead; instead, the 
end has cutting edges at right angles to the 
reamer axis (Fig. 6a). In this respect. end- 
cutting reamers resemble end mills. 

End-cutting reamers are used for finish- 
ing blind holes that must have little or no 
radius at the bottom. A more important 
application is the correction of deviations 
from parallelism in drilled through holes. A 
reamer having a chamfered end for а lead 
will usually follow the hole already formed. 
An end-cutting reamer, when guided by a 
bushing (Fig. 6b), can correct out-of-paral- 
lelism by several hundredths of a millimeter. 

The main disadvantage of end-cutting 
reamers is that they produce comparatively 
rough surfaces. When these reamers must 
be used (as for correcting hole deviations), 
they are usually used as roughing reamers. 
and a conventional reamer is used for fin- 
ishing. 





Applications of 
Adjustable Reamers 

Although a number of different types of 
reamers are adjustable (including floating- 
blade reamers and expandable shell ream- 
ers), the term adjustable reamer is generally 
used to refer only to a limited number of 
types. Two of the more common types are 
inserted-blade and expanding-pin adjustable 
reamers. 

Inserted-blade reamers, which are made 
with and without adjustment for size, are 
toolholders in which slots are milled to 
receive inserted flat blades. In the adjust- 
able type (Fig. 7), the blades are slid in 
angled slots by an adjusting nut to change 
cutting diameter. The adjusted blades are 
secured by a locknut and setscrews. 

Inserted-blade reamers are available with 
either straight flutes (Fig. 7) or spiral flutes 
in diameters of 16 to 150 mm (% to 6 in.). 
‘They are especially suited to high-volume 
applications in which variations in work- 
piece material or temperature, or in the 
stability of fixtures or machines. make it 
difficult to maintain hole size. 

Between regrinds to the adjustable type of 
inserted-blade reamers. minor adjustments 




















Fig: 6 End-cutting reamers. (9) A common type of 
9. Ó cpd-cutting reamer used for finishing blind 
holes. (b) When guided in a bushing, on end-cutting 
тепте com correct dimensional deviations in through 
holes. Dimensions given in inches 





Inserted-blade adjustable reamer and typi- 
col details of design 


Fig. 7 


(0.0025 10 0.005 mm, or 0.0001 to 4.0002 in.) 
can be made to compensate for tool wear; 
greater adjustments. between regrinds may 
result in eccentricity, Recommended major 
adjustments before regrinding vary with 
reamer diameter. For example, a 16 mm % 
in.) diam reamer should not be adjusted more 
than 0.8 mm (1⁄2 in.), but a 90 mm (3% in.) 
diam reamer сап be adjusted 11 mm (/ in. 
"These adjustments can be exceeded by insert- 
ing wider blades. This is usually inadvisable, 
because the added overhang can cause break- 
age and chatter. On the other hand, it is 
sometimes practical in low-volume produc- 
tion Where maximum edge sharpness can be 
maintained through controlled tool changes 
The following example describes the proci 
dures used and the results obtained in a 
high-production application of reaming with 
inserted-blade adjustable rcamers. 

Example 3: Stud Holes to a Tolerance 
of +0.025 mm (+0.001 i A2kW(3 
hp) vertical drill press was used to ream six 
drilled stud holes in a truck-wheel hub made 
of annealed 1035 steel (Fig. 8). The hub was 
clamped in a six-station rotating fixture. 
The holes had been drilled to allow 0.2 to 
0.25 mm (0.008 to 0.010 in.) of stock on the 
diameter for removal in reaming 

Inserted-blade adjustable mers with 
straight flutes were used. Each reamer held 
six M2 high-speed steel blades and was 























1035 steel 





Reamer details 


Number of blade inserts... Р РЕС 
Insert material а M2 high-speed steel 
Land width. mm (in. 0.2 (0.008) 
Back taper, mmémm {in in) 4402 (0.002) 


Operating conditions 


Speed, at 146 rev/min, m/min sfm) we 901 
Feed, mm/rev tin./rev) 0.89 (0.035) 


Stock reamed on diameter. mm її.) 0.2-0.25 

(0,008001) 
Cutting fluid. : Soluble oil:water (1:20) 
Reaming time per hole 0.19 min 
Neamer-blade life per grind 00 holes 





Fig. 8 Reaming of six stud holes in a whee! hub with 
9. 8 а straight-flute inserted-blade adjustable 
reamer. Dimensions in figure given in inches 





Fig. 9 Expanding-pin adjustable reamer 


ground (o a concentricity of 0.005 mm 
(0.0002 in.) total indicator reading (TIR). 
Blades were circle ground, backed off to a 
margin of 0.2 mm (0.008 in.). and back 
tapered to 0.002 mm/mm (0.002 in./in.). The 
holes were reamed to 20.025 mm ( * 0.001 
in.). Additional details are given in the table 
accompanying Fig. 8. 

Expanding-pin reamers make use of a 
tapered, screw-type expanding pin to move 
blades and change reamer size (Fig. 9). 
These reamers are available with straight 
flutes only, and in diameters of 11 to 63.5 
mm (s to 2% in.). 

The maximum adjustment for expanding- 
pin reamers is 0.8 mm (12 in.) for diameters 
of I to 6.5 mm (716 to (А in.), and about 
6.5 mm (/ in.) for diameters of 32 to 65 mm. 
(1% to 2% in.). 

Advantages. In many high-production 
operations, inserted-blade and expanding- 
pin reamers are more economical than solid 
reamers because blades can be reground 
many times before they need replacing 
(body life is unlimited). In addition, the 
minor adjustments that can be made pro- 
long reamer life between grinds. The major 
adjustments that can be made are particu- 
larly useful in low-production operations 








because the same reamer can be adjusted to 
ream holes of slightly different diameter, 
thus lowering tool inventory. In addition to 
size adjustment, inserted-blade reamers 
have two other advantages over solid ream- 
ers: 





* Blade materials can be changed as re- 
quired, using the same body 

* In regrinding, tool design, including such 
details as angle of back taper. width of 
margins and lands, and radial clearance. 
is more casily modified for an inserted- 
blade reamer than for a solid reamer 


Applications of Shell Reamers 

Shell reamers are used on arbors (taper or 
straight shank) with driving lugs and have 
either straight or spiral flutes (Fig. 10). The 
hole in a shell reamer is ground with a taper 
to allow the reamer to be firmly seated on 
the tapered arbor. Usually, hole and arbor 
diameters are related so that there is enough 
space between the end of the reamer and 
the shoulder of the arbor to permit removal 
of the reamer with minimum danger of 
damage. 

Shell reamers are generally used only 
when the tool remains stationary and thc 
work rotates, as in a turret lathe. Some- 
times, however, shell reamers are used in 
special machines in which both work and 
tools are rotated. Because shell reamers, 
being mounted on arbors, are two-picce 
assemblies, they are less rigid than solid 
reamers. Shell reamers are more suitable 
for finishing operations than for removing 
larger amounts of stock. 

Expandable Shell Reamers. As shown 
in Fig. 11, the shell portion of the expand- 
able shell reamer is a thin-wall fluted body 
with carbide cutting edges, and it is forced 
on a hardened steel arbor that has a slight 
forward taper. The shell has a matching 
back taper so that it expands in outside 
diameter as it is forced farther onto the 
arbor. Expansion is achieved by striking, 
with a soft hammer, a soft metal sleeve that 
is inserted over the protruding end of the 
arbor. 

Expandable shell reamers larger than 22 
mm (Ж in.) in diameter are usually of the 
type shown in Fig. I1(a). This reamer has a 
short cutting section, followed by a hard- 
ened steel flute section (for guiding the 
cutting section). Reamers 22 mm (7% in.) or 
ameter are made with full-length 
. ПЫ). There are also expandable 
shell reamers with special plugs flush with 
the end to permit the reaming of blind holes. 

Expandable shell reamers are not de- 
signed for adjustment to different hole 
sizes. but only for adjustment to compen- 
sate for tool wear. As the reamer wears out 
of tolerance, it is forced farther back on the 
arbor until the limit of expansion is reached. 
The shell is then removed and replaced with 
a new one. 
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Shell reamers 








i Typical shell reamers and accommodating 
Fig. 10 477 








i Two types of expandable shell reamers. 
Fig. 11 (petes of more than 22 mm (“4 


in.). (b) Diometers of 22 mm (7A in.) or less. 





The maximum amount a shell reamer can 
be expanded depends on diameter: approx- 
imately 0.18 mm (0.007 in.) for a 13 mm (V^ 
in.) diameter, 0.25 mm (0.010 in.) for a 25 
mm (1 in.) diameter, and 0.5 mm (0.020 in.) 
for a 50 mm (2 in.) diameter. Shells expand 
evenly and need not be ground for round- 
ness or straightness after each expansion. 
The following example describes an appli- 
cation in which shell reamers were superior 
to solid reamers in tool life and tool cost per 
piece. 

Example 4: Shell Versus Solid Reamers 
for Gray Iron. In one plant, solid reamers 
were compared with shell reamers for ream- 
ing 29.97/29.95 mm (1.1798/1.1790 in.) diam 
shaft holes in gray iron water-pump bodies 
(131 to 207 HB). Specifications called for 
maximum out-of-roundness of 0.0075 mm 
(0.0003 in.), maximum taper of 0.005 mm 
(0.0002 in.). and finish of 1.5 рт (60 pin.). 

Figure 12 shows the workpiece and the 
two types of reamers used. The solid ream- 
er had a 4.67 mm (1.84 in.) long cutting tip 
of solid tungsten carbide on a shank of 
high-speed steel. and the shell reamer had 
brazed carbide cutting edges. 

Both reamers were used in a vertical 
two-spindle machine with the same operat- 
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Operating conditions for both reamers 


с of machine Vertical two:spindle 





at K75 rev/min, m/min (xm) 82 (270) 
mnrev (in./rev) 0.46 (0.018) 
Depth of cut, mm (in.) (48 (0.019) 
Reaming time per hole 137% 
Setup time 5 min 


Cutting Suid ‚. Soluble oil:water (1:20) 


Comparison of results 


Solid Shell 
Pieces per grind (average) 2748 3295 
Number of runs. . 9 B 
Number of regrinds 8 H 
Regrinding time, min № 28 
Total pieces per tool nomo 428% 





Н Shell versus solid reamers. Shell гестег 
Fig. 12 jj brazed carbide cutting edges wos 
superior to solid carbide reamer with high-speed steel 
shank for reaming the shaft hole in this gray iron 
water-pump body. Dimensions in figure given in inches. 
Workpiece hardness: 131 to 207 HB 


ing conditions (see table accompanying Fig. 
12). In each setup, a guide bushing was 
used, and cutting fluid was supplied under 
pressure to the tool. 

The results obtained in 9 runs for the solid 
reamer and in 13 for the shell are tabulated 
with Fig. 12. As this comparison shows. 
tool life (number of pieces per grind) for the 
shell reamers was 20% greater than that for 
the solid reamers, and tool cost per piece 











Fig. 13 Details of a typical floating-blade геотег 


was 50% less. The shorter life of the solid 
reamer was due largely to the difference in 
the diameters of its shank and head. Be- 
cause of this difference. the solid reamer 
was guided through the bushing for only a 
portion of the cut, while the shell reamer 
was guided during the entire cut. 


Applica 
of Floating-Blade Reamers 
Floating-blade reamers have replaceable 
id adjustable cutting edges (Fig. 13). The 
blades, of either high-speed steel or carbide, 
can be adjusted for wear (or, within narrow 
limits. for different hole sizes) by turning an 
adjusting screw in the blade assembly with a 
hexagonal wrench. The two-piece blade as- 
sembly is held in a slot in the bar (as 
in Fig. 13). in which it can float. Th: 
of float is controlled by the lockscrew and 
adjusting screw in the toolholder. By float- 
ing, the cutters can follow the surface of the 
bore being reamed, maintaining tolerances 
as close as 0.01 mm (0.0005 in.). Floating 
also permits compensation for machine or 
holder errors. 

Floating-blade reamers provide liberal 
clearance for chips and in special circum- 
stances may cut faster than solid reamers. 
Other advantages of floating-blade reamers 
are: 

















e Cutters can be replaced, or removed for 

adjustment, without removing the holder 

from the machine 

The holder is not expendable and can be 

used for many cutters 

ө Tool cost is usually less than that of 
comparable-size si reamers. In onc 
application, for example, the initial cost 
of a carbide-tip floating-blade reamer for 
25 mm (1 in.) holes was only about two- 
thirds that of a solid straight-flute reamer 
with carbide cutting edges 








The use of floating-blade reamers is usu- 
ally restricted to applications in which the 
workpiece is rotated. as in turret lathes. An 
application in which productivity was in- 
creased because higher speeds could be 
used for floating-blade carbide reamers than 
for solid high-speed steel reamers is de- 
scribed in the following example. 

Example 5: Floating-Blade Carbide 
Versus Solid High-Speed Steel Reamers. 
Holes 50.5 mm (1.988 in.) in diameter and 


Table 1 Solid high-speed steel 
reamers versus floating-blade 
carbide reamers 





~ Type of reamer 





Reaming condition or result Solid  Fioating-blade 
Speed. revimin m EE 
Speed. mimin (sfm) 3i) wD 


Feed, mmirev (in.irev)... 0.234 10.0092) 0.234 10.092) 
Stock reamed on diameter, 


mm (п) 0.3 (0.012) 0.15 (0.006) 
Time per piece. min 2046 021 
Reamer life/grind. pieces, .....--70 мю 
Total reamer life. pieces 1700 5800 
Data аге for reaming 50.5 mm (1.988 in.) diam holes I 3 mm (0 
in 1@сер in gears made of | 11 steel at 160 HB: Reaming was done 





in a turret lathe using a 1:20 mixture of soluble oil and water ax 
utt Nud. Both types of reamers produced a 3.20 um 1125 gin.) 
Finish 





1.3 mm (0.050 in.) deep were reamed in 
gears made of 1118 steel (160 HB) to a total 
tolerance of 0.025 mm (0.001 in.) using 
cight-flute solid reamers made of high-speed 
steel. As Table 1 shows. a change to float- 
ing-blade reamers (two carbide blades) al- 
lowed a 63% increase in speed at the same 
feed with a proportionate decrease in ream- 
ing time per piece. Reamer life between 
grinds was more than four times as long for 
the floating-blade reamer as for the solid 
reamer: total life was three times as long. 

Some of the increased life for the floating- 
blade reamer was due to the decreased 
amount of stock on the hole diameter. Less 
stock was required because the increased 
accuracy obtainable with the floating-blade 
reamer permitted drilling closer to final 
size. 


Applications of Gun Reamers 

Gun reamers consist of a hollow shank 
with a cutting edge (usually carbide) fas- 
tened to the end. Cutting fluid is fed through 
the stem under pressures of 170 to 700 kPa 
(25 to 100 psi) to enhance cutting, 10 cool 
the work and tools, and to flush away chips. 
Gun reamers are used in machines in which 
the work is rotated and the tool remains 
stationary. 

Blind-hole gun reamers have full-length 
flutes to permit backward ejection of chips. 
Through-hole gun reamers, with fixed or 
replaceable heads (Fig. 14). have a full 
round stem to the beginning of the cutter 
and from this point have a cutaway portion 
to allow cutting fluid to flow. 

Fixed-head (conventional) gun reamers 
(Fig. 14a) are available in diameters of 3.2 to 
50 mm (к to 2 іп.), and sometimes larger. 
Replaceable-head types (Fig. 14b) are avail- 
able in diameters of 25 to 50 mm (1 to 2 in.). 

A gun reamer resembles a gun drill in that 
it operates on the self-piloting principle and 
yields similar straightness, tolerance, and 
finish. Speeds for gun reaming are usually 
approximately 60 m/min (200 sfm) (about 
the same as for gun drilling), but feeds are 
generally 50 to 100% greater than those 
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Typical gun reamers for through holes. (a) 
Fixed-head (conventional) type. (b) Re- 
placeable-head type 


Fig. 14 


used in gun drilling. In the gun reaming of 
soft metals, feeds as great as 0.25 mm/rev 
(0.010 in./rev) are often used. In reaming 
steel, the usual stock allowance is 0.25 to 
1.0 mm (0.010 to 0.040 in.) on the diameter, 
depending on reamer size and workpiece 
hardness. In reaming softer metals, and 
sometimes in reaming annealed steel or cast 
iron, as much as 13 mm (V^ in.) of stock can 
be removed from the diameter. The follow- 
ing example illustrates a typical application 
of gun reaming. 

Example 6: Accuracy and Finish in 
Reaming Holes Seven Diameters Long. 
Taper-cored through holes in 430 mm (17 
in.) long hydraulic-press quills made of 
class 40 gray iron were gun reamed in a 
single pass in a turret lathe. During machin- 
ing. the workpiece (Fig. 15) was held in a 
three-jaw face plate fixture. Before ream- 
ing, а 57.15/57.10 mm (2.250/2.248 in.) diam 
starting hole was bored to a depth of 13 mm 
(V^ in.). The carbide-tip gun reamer (Fig. 15) 
was then fed into the workpiece, and it 
removed stock ranging from about 4.8 mm 
(Ув in.) on the diameter at the entrance end 
(beyond the starting hole) to about 9.5 mm 
(Ук in.) at the exit end of the tapered hole. 

Although specifications called for tolerance 
within 0.075 mm (0.003 in.) and a surface 
finish of 1.5 ym (60 pin.), the gun reamers 
held tolerance within 0.036 mm (0.0014 in.) 
and produced an average finish of 1.25 рт (50 
шп,). Additional processing details are pro- 
vided in the table with Fig. 15. 











Applications of 
Special-Purpose Reamers 

Several types of reamers designed for 
special applications are readily available. 
Among these are oil-hole reamers, diemak- 
er's reamers, taper reamers, bridge ream- 
ers, pipe reamers, drill-and-reamer combi- 
nations, and multiple-diameter reamers. 

Oil-hole reamers have a hollow core 
through which cutting fluid is forced to flush 
the chips out through the flutes. They are 
available as solid reamers in diameters up to 
about 38 mm (1*2 in.) or as inserted-blade 
reamers in larger sizes. Oil-hole reamers 











Reaming / 245 


Two types of drill-reamer combination 
16 55, 


Fig. 




















Reaming conditions 


Machine Turret lathe 
Speed, at 329 rev/min. m/min (sfm) SR (190) 
Feed, mm/rev (in.irev) .... 0.1 (0.004) 
Stock reamed on diameter. mm (in.) ... 4.8-9.5 (Уњ- 
Cutting fluid Soluble oil:water 11:154) 
Setup time. н Th 
Reamer life per grind 41 pieces 
Maximum permissible runout, mmm (in,/f)..... 0.08 

(0.001) 
Results 
Tolerance held on diameter, mm (in.).... Within 0,036 
(0.0014) 
Surface finish obtained. um (pin) 1.0-1.5 (40-60) 


(ау Introduction with ar at shank end of tool, as shown in 
‘lusteation 


Fig. 1 





5 Gun reaming of а toper-cored hole. Di- 
mensions in figure given in inches 


can produce good finish in horizontal ream- 
ing. 

Diemaker's reamers have a high helix 
angle and left-hand high-spiral flutes and are 
tapered about 0.013 mm/mm (0.013 in. » 
They are used for reaming dowel-pin holes 
in die parts. 

Taper reamers produce tapered holes 
that receive taper shanks and taper pins. 

Bridge reamers are used for reaming 
holes in products such as ship plate and 
structural members. They are tapered at the 
end so they can enlarge an out-of-line hole 
until the entire body of the reamer can enter 
and enlarge the hole to the required size. 
‘They are not intended for reaming tapers. 
They are available with either spiral or 
straight flutes and in diameters of 10.3 to 38 
mm (132 to 17 

Pipe reamers arc short, stubby tools 
used to taper-ream pipe fittings for tapping. 
‘They have a taper of 62 mm/m (У in./ft) and 
are of 3.2 to 50 mm (4 to 2 in.) pipe size. 

Drill-and-Reamer Combinations. When 
producing shallow holes, it is sometimes 
possible to eliminate a second operation by 
using a combination drill and reamer. Two 
types are shown in Fig. 16. The tool shown 
in Fig. 16(а) is made by milling two spiral 
flutes the entire length of the tool. The drill 
section is slightly smaller in diameter than 
the reamer section, and the drill margins 
extend only the length of the drill section. 
The reamer section consists of onc to three 



























Fig. 17 Three types of multiple-diometer reamers 


reamer flutes milled in each land left by the 
drill-flute milling cutter. This type of tool is 
subject to the same difficulties in regrinding 
as those encountered with step drills. These 
difficulties can be overcome by using the 
tool shown in Fig. 16(b), which is of subland 
construction. With this tool, the two drill 
flutes and cutting edges extend back 
through the reamer section; reamer cutting 
edges are in addition to these and begin at a 
suitable distance from the drill point. 

Multiple-Diameter Reamers. When two 
or more concentric holes of different diam- 
eters must be reamed, if a separate reamer 
is used for each hole, several operations are 
necessary, and it is difficult to keep the 
holes in line. The use of a multiple-diameter 
reamer (Fig. 17) permits the operations to 
be performed together and ensures align- 
ment of the holes. 

In many multiple-diameter reamers, each 
reaming section is preceded by a pilot sec- 
tion to bear in the drilled holes or in bush- 
ings in the fixture. Generally, all reaming 
sections start to cut at the same time. 


Speed and Feed 


Nominal speeds and feeds for the reaming 
of carbon and low-alloy steels at various 
hardnesses are given in Tables 2 and 3. The 
rates in Table 2 are for six-flute reamers 
made of high-speed steel; those in Table 3 
are for six-flute reamers with solid steel 
bodies and carbide cutting edges. 

Speed. Becausc of their design, most 
reamers are more easily damaged than 
drills. Therefore, it is usual practice to ream 
a hole at about two-thirds the speed at 
which it was drilled. 

From Tables 2 and 3 it is evident that 
speed depends mainly on the composition 
and hardness of the work metal and on tool 
material. For reaming under similar condi- 
tions, recommended speeds for carbide 
reamers are three to four times those for 
high-speed steel reamers. 

Although the composition of the steel 
being reamed has some effect on optimum 
speed, hardness has a much greater effect. 
The nominal speed in Table 2 for reaming 
steel at 400 HB is 6 m/min (20 sfm), and it is 
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Table 2 Nominal speeds and feeds 
reamers 


Based on the removal of 0.38-0.5 mm (0.015-0.020 in.) from the hole diameter 


hardness above 375 HB. All speeds and feeds are for use with ample cutting fluid. 


for the reaming of carbon and low-alloy steels with high-speed steel 


r, with six-fiute reomers made of high-speed steels M1, M2, and M7, except T15 for 
































Speed тс Feed, mires (in rev), for reamer diameter of: — — — | 

Typical stecht Hardness, HB отта чт 32mm (in) ) — mmm ("in| 25 mm (1 in.) Wm (Aim) Smm in) 

Carbon and low-alloy steels (except free-cutting grades) 

1020. 1045. 4140, 7140. 85-125 » 6S 010 (0.004) 0.18 (0.007) 0.25 (0.010) 0.38 (0,015) 0.50 (0,020) 0.64 (0.025) 
and 8620, at 125-175 17 5у 0,075 (0.003) 0.13 (0.005 0.25 (0.010) 0.38 (0.015) 0.50 (0.020) 0.64 (0.025) 
hardness ranges 178-225 м 4S 0.075 (0.003) 010 (0.0041 0.20 (0,008) 0.30 (0.012) 0.38 (0.015) 0.50 (0,020) 
listed at right 5-275 12 40 — 0.06440.0005) — 010 (0.004) 0.20 (0.008) — 0.30 40.012) 038 (0.015) 0.50 0,020) 

175-325 9 30 0.064 (0.0025) 0.10 (0.004) 0.20 (0.008) 0.30 10.012) 0.38 (0.015) 0.50 (0,020) 
325-375 TS 25. 005 (0.002 0.075 (0.003) 0.13 (0.005) 023 (0.009) 0.30 (0.012) 0.38 (0.015) 
375-425 6 20 — 005 00.002) 0.075 (0.003) 0.100.004) 0.18 (0.007) 0.25 (0.010) озо (0.012) 
Free-cutting carbon and low-alloy steels 
MI? and 12114 100-150 n з бло (0.004) 0.15 (0.006) 0.2510.010) — 0.38 (0.015) 0.50 (0,020 0.64 (0.025) 
150-200. 24 30 0.10 (0.004) 0.15 (0.0061 0.25 10.010) 0.38 (0,015) 0.50 (0.020) 0.64 (0.0251 
200-250 15 $0 005 (0.002) оло (0.004) 0.20 (0.008) 0.30 (0.012) 0.38 (0.0151 0,50 (0.020) 
M17 and 137 100-150. n 70 — 010 (0.004) 015 (0.006) 925 (0.010) 038 (0.015) 0.50 (0,020) 064 (0.025) 
156-200 x 6$ 0.075 (0.003) 0.13 (0.005) 0.25 0.010) 0.38 (0.019) 0.50 (0.020) 0,64 (0.025) 
275-328 l4 45 005 (0002) оло (0.004) 0.20 (0.008) 0.30 (0.012) 0,38 (0.015) 0.50) 10.020) 
325-375 9 м 005 (0.002) 0.10. (0.004) 0.20 (0.008) 030 (0.012) 0.38 (0.015) 0,50 10.020) 
75-425 6 20 — 0.05 (0.002) 0.075 (0.003) 0.10 (0.004) ол (0,007) 0.25 0.010) 0.30 (0.012) 
414045 and 411.40 150-200 [ ою 010 (0.004) 0.15 (0.006) 0.25 0.0101 0.38 (0.015) 0.50 (0.020) 0.64 (0.025) 
200-250 15 sO — 0.075 40.003) 0.13 (0.005) 0.23 (0.0091 0,33 (0.013) 0.46 (0,018) 0.56 0.022) 
275-125 " 35 — 0.05 (0.002) 0.10. (0.004) 0.20 (0.008) 0.30, (0.012) 0.38 (0.015) 0.50 (0.020) 
325-375 75 25 0.05 (0.002) 0.075 (0.003) 0.13 (0.005) 0.23 (0.009) 0.30 (0.0120 0.38 (0.015) 
375-425 6 20 00% (0,002) 0.075 (0.003) 0.10 (0.004) 0.175 (0.007) 0.28 (0.010) 0.10 (0,012) 


ta) Each steel listed iva requently used grade in a group of similar steels. 


Associates 


A titing of the steels n the various groups is provided in Table 2 in the article "Boni?" in this Volume, Source Metcut Research 





17 10 24 m/min (55 to 80 хт) for steel at 160 
HB, regardless of differences in composi- 
tion. As Tables 2 and 3 show, greater dif- 
ferences in nominal speed are related to the 
differences in hardness of a steel in any of 
the groups. 

Because other variables, such as reamer 
design. rigidity of the setup, and depth of 
hole, influence optimum speed, the nominal 
speeds listed in Tables 2 and 3 can serve 
only as starting points in the selection of 
optimum speed for given conditions. 
Speeds used in Fig. | and in the applications 
described in some examples in this article 
are summarized in Table 4. Although some 
speeds shown in Table 4 agree closely wi 
the nominal speed for the same worl metal 
and hardness in Tables 2 and 3, there are 
several evident differences, but examina- 
tion of all the details of the applications 
summarized in Table 4 usually explains the 
differences. Figure 1. for example, shows 
that two reaming speeds (12 and 17.7 m/ 
min, or 40 and 58 sfm) were used for ream- 
ing 4130 steel at IS HRC. In Table 2, the 
nearest nominal speed is shown as 14 m/min 
(45 sfm) (4140 group at 175 to HB). 
However, in Fig. |, a four-flute reamer was 
used for the 6.4 mm (4 in.) diam holes, and 
an eight-flute reamer was used for the 13 
mm (4 in.) diam holes, while the speeds in 
Table 2 are based on the use of six-flute 
reamers. 

In Example 3. annealed 1035 steel was 
reamed at 14 to 9 m/min (45 and 30 sfm). 
while Table 2 sugg 17 m/min (55 sfm) for 
comparable мее! (1045 at 125 to 175 HB). 
However, in Example 3. inserted-blade 
































reamers were used (the data in Table 2 are 
for solid reamers). The shape of the work- 
piece in Example 3 also suggests that less- 
than-normal rigidity prevailed. 

1n Example 5, the speed of 21.0 m/min (69 
sfm) used for reaming annealed 1118 steel at 
160 HB with a high-speed steel reamer is 
very near the 20 m/min (65 sfm) speed Table 
2 shows for the 1117 group at 150 to 200 HB. 
though the reamer used in Example 5 had 
ght flutes. When a carbide reamer was 
substituted for this application, it was used 
at a speed of 34 m/min (112 sfm). or less 
than half the 79 m/min (260 sfm) speed 
suggested in Table 3. The carbide reamer, 
however, was a floating-blade type. and 
values in Table 3 are based on the use of 
solid reamers. 

In Example 7. a hole in a stack of silicon 
stecl laminations was reamed at 15 m/min 
(50 sfm). This speed is less than the 20 m/ 
min (65 sfm) speed shown in Table 2 for 
reaming 1020 in its softest condition. How- 
ever. even though silicon steels are low in 
carbon content, the increased sili 
tent affects reamability. In adi 
ample 7, no cutting fluid was used, while 
speeds listed in Table 2 are based on the use 
of cutting fluid. 

Feed is influenced not only by the variables 
that govern speed but also by hole size and 
amount of metal being reamed (depth of cut). 
‘The nominal feed rates given in Tables 2 and 
3 for six different hole diameters are based on 
the enlargement of all diameters ranging from 
0.38 to 0.5 mm (0.015 to 0.020 in.). 

The feed rates used in specific applica- 
tions are likely to vary more from the nom- 


























inal rates in Tables 2 and 3 than are speeds. 
A comparison of the feeds actually used in 
examples in this article (Table 4) with nom- 
inal feeds (Tables 2 and 3) shows that some 
agree closely and that others differ by a 
tor of three or more. 

In Fig. 1. which involves reaming a total 
of 0.4 mm (Ys in.) from 6.4 and 13 mm (74 
and V in.) diam holes іп 4130 steel at 15 
HRC, a feed of 0.15 mm/rev (0.006 in./rev) 
was used for both sizes. Table 2 suggests 
0.1 and 0.2 mm/rev (0.004 and 0.008 in./rev) 
for reaming 6.4 and 13 mm (“4 and in.) 
diam holes under similar conditions (4140 
group at 175 to 225 HB). In reaming the 
piece shown in Fig. 5, the feed (Table 4) was 
only 0.13 mm/rev (0.005 in./rev), less than 
half the rate suggested in Table 2. Lower 
feeds were used because the hole had a 
keyway and because surface finish was a 
major objective. 

]t is sometimes advisable to use a higher 
feed and a slower speed. Thi indicated in 
Example 3, in which the speed was about 
45% less than nominal (Table 2 for 1045 
steel) and the feed was about 200% greater 
than nominal. 

In Example 2. a feed rate of 0.23 mmi/rev 
(0.0092 in./rev) was used for both a solid 
high-speed steel reamer and a floating-blade 
carbide reamer. This is much less than the 
nominal 0.64 mm/rev (0.025 in./rev) in Ta- 
bles 2 and 3 for a 50 mm Q2 in.) diam hole in 
1117 steel. 

Selection of Speed and Feed. Reaming 
speed and feed have important effects on 
results (mainly surface finish and tool life) 
and on cost. When setting up for a reaming 














Table 3 Nominal speeds and feeds for the reaming of carbon and low-alloy steels with carbide reamers 


Based on the removal of 0.38-0.5 mm (0.015-0.020 in.) from the hole diameter, with six-flute reamers mode of grade C-2 carbide. All speeds and feeds are for use when 
cutting fluid is amply supplied to the cutting edges of the reamer. 






































Speed 1 Feed, mires (inJrev), for reamer diameter 
Typical steel(at ‘Hardness, HB тїтїп. stm 2mm ($8 im.) A mm (à in) 13 mm (62 in.) 25 тт (1 ir M mm (V in) 50 mm (2 in.) 
Carbon and low-alloy steels (except free-cutting grades) 

1020 and 1045, at 79 260 оло (0.004) 0.18 (0.007) 6.25 (0.010) 0.38 (0.015) 0.50 (0.020) 0.64 (0.025) 
hardness ranges. 15 250 0.10 (0.004) 0.18 (0.007) 6.25 (0.010) 0.38 (0.015) 0.50 (0.020) 0.64 (0.025) 
listed at right 58 190 006 (0.0025) 010 (0.004) 0.200408 030 (0.012) 0.38 (0.015) 0.50 (0.000) 

50 165 0.06 (0.0025) 0.10 (0.004) 0.20 (0.008) 0.30 (0.012) 0.38 (0.015) 0,50 (0,020) 
EU 100 0.06 (0.0025) 0.10 (0.004) 0.20 (0.008) 0.30 (0.012) 0.38 (0.015) 0.50 (0.020) 
7 чо 0.05 (0.002) 0:075 0.003) 01300.08) 0223 (0.009) 0.30 (0.012) 0,3 (0.015) 
375-425 18 LU 0.05 (0.002) 0.075 (0.003) 0.10 (0.004) 0.18 10.007) 0.25 (0.010) 0.30 (0:012) 
4140, 7140. and 8620 125-175 60 200 0.075 (0.003) 0.13 (0.005) 6.25 (0.010) 038 (0.015) 0.50 (0.0201 0.64 (0.025) 
178-. 55 180 0.075 (0.003) 0.10 (0.004) 6.20 (0.008) 4.30 (0.012) 0.38 (0.015) 0.50 (0.020) 
225-: 49 160 0.075 (0.003) 0.10 (0.004) 0.20 (0.008) 0.30 (0.012) 0.38 (0.015) 0.50 (0.020) 
275-: 3 120 0.06 (0.0025) 0.10 (0.004) 0.20 (0.0081 0.30 (0.012) 6.38 (0.015) 0.50 (0,020) 
325-375 26 85 0.05 (0.002) 10.075 (0.003) 0.13 (0.005) 0.23 (0.009) 10.30 (0.012) 0.38 (0.015) 
375—425 ШЫ LU 0.05 (0.002) 0.075 (0.003) 0.10 (0.004) 0.175 (0.007) 0.25 (0.010) 0.30 (0.012) 
4548 HRC n 30 605 (0.002) 0.075 (0.003) 0.10 (0.004) 0.15 (0.006) 19.20 (0.008) 0.25 (0.010) 
50-52 HRC 6 20 0.05 (0.002) 0.075 (0.003) 6.10 (0.004) 0.15 (0.006) 6.20 (0.008). 0.25 (0.010) 
Free-cutting carbon and low-alloy steels 
112 and 121.14 100-150 90 300 6.10 (0.004) 0.15 (0.006) 9.25 (0.010) 038 (0.015) 0.50 (0,020) 0.64 (0.025) 
150-200 102 335 0.10 (0.004) 0.15 (0.006) 4.25 (0.010) 0,38. (0.015) 0.50 (0,020) 0,64 (0.025) 
200-250 60 200 0.05 (0.002) 0.10 (0.004) 0.20 (0.008) 0.30 (0.012) 0.38 (0.015) 0.50 (0.020) 
117 and 1137 100-150 90 300 0.10 (0.004) 6.15 (0.006) 0.25 (0.010) 0.38 (0.015) 0.50 (0.020) 0.64 (0.025) 
150-200 79 200 0.075 (0.003) 0.13 (0.005) 0.25 (0.010) оз (0.015) 0.50 (0.020) 0.64 (0,025) 
275-05 58 180 — 0.05 (0.002) 0.10 (0.000) — 02010008) 0.30 (0.012) 0.38 (0.015) 0.50 (0.020) 
325-375 30 100 6.05 (0.002) 0.10 (0.004) 0.20 (0.008) 6.30 (0.012) 0.38 (0.015) 0.50 (0.020) 
375-425 I8 60 0.05 (0.002) 0.075 (0.003) 6.10 (0.004) 0.175 (0.007) 0.25 (0.010) 0.30 (0.012) 
414015 and 41140 150-200 75 MS 0.10 (0.004) 0.15 (0.006) 4.25 (0.010) 0.38. (0.015) 0.50 (0,020) 0.64 (0.025) 
625 205 0.075 (0.003) 0.13 (0.005) 0.20 (0.008) (0.012) 0.38 (0.015) 0,50 (0.020) 
46 150 0.05 (0.002) оло (0.004) 0.20 (0.008) 10.012) 0.38 (0.015) 0.50 (0.020) 
» 95 0.05 (0.002) 0.075 (0.003) 0.13 (0.005) (0.009) 0.30 (0.012) 0.38 (0,015) 
175-425 18 ev 0.05 (0.002) 0.075 (0.003) 0.10 (0.004). (0.007) 0.25 (0.010) 0,30 (0,012) 
45-48 НЕС n w 0.05 (0.002) 4.075 (0.003) 4.10 (0.004) 10.006) 1.20 (0.008) 0.25 (0,010) 





ш Bach steel listed is frequently used prude in a group of similar steels. А listing of the steels in the various groups iy provided in Table 2 in the article ^ Boring" in this Volume. Source: Мес Research 
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operation without prior experience. it is 
advisable to use a conservative speed and 
feed combination first. For example, in 
reaming holes of 3,2 to 50 mm (V to 2 in.) 
diameter in low-carbon steel, it would be 
well to start with a speed of 8 m/min (60 
sfm) and a feed of 0.1 to 0.64 mm/rev 
(0.004 to 0.025 in./rev). Speed. feed, or 
both can then be increased until the first 
signs of tool chatter appear. When this 
point has been determined, it is advisable 
to keep speeds and feeds below it for 
optimum finish and tool life: often a 
change in speed of 10% or less can cause 
or eliminate chatter. 








For reaming soft brass, a speed of 75 m/ 
min (250 sfm) is a good starting point. About 
twice that, or 150 m/min (500 sfm), is appro- 
priate for a first setting in reaming alumi 
num, Much slower speeds must be used in 
steel harder than 20 HRC. As hardness 
increases, possible speed decreases, The 
maximum workable speed for steel at 52 
HRC is 4.5 m/min (15 sfm). 





Bushings and Fixtures 


When a hole to be reamed must be an 
exact distance from some point or from 
another hole. reaming in jigs or fixtures is 


Table 4 Speeds and feeds used in examples in this article 


























r Sent x NT К 

Example or figure Material reamed revimin mimin (sfm) mares ойы 
Fig. (а) 4130 steel (15 HRC) 610.450 — 12.17.7 (40, 58) 0.15 — 0906 

4330 modified steel (47 HRC) 325. 225 — 6.5.9.0 (21.3, 29.5) 0.038 — 0,0015 

4340 steel (52 HRC) 160.120 — 3.2.4.8 (10.5, 15.7) — 0.058 00015 
Example 1 Low-carbon steel = 30 (100) 074 0.029 
Fig. S.. Low-carbon steel 355 213 00 0.13. 0.005 
Example 3 1035 steel. annealed. 146 9 (30) (89 0.035 
Example 4 Gray iron (131-207 HB) 875 82 (270) 046 0.018 
Example 5b) LLIS steel (160 HB) 132, 215 34 (69, 102) 0.234 0.0092 
Example 6 Gray iron. class 40 320 58 (90) ою 00% 
Example 7 Low-carbon мее! 190 15 (50) 140 — 0.055 


4à) Figure | deals with the reaming of holes of two different diameters: first values listed in "speed" columns here were used for reaming 


64 mm (a in.) diam holes, second values for 1 mm [U^ im.) diam. 
ind materiis; first values in “speed 


holes. ТЫ) Example 5 compares results from tools of different designs 





columns here were used for conventional eight-flute reamer made of high-speed steel; second 


values were used for a Noanng hlade reamer with t«v carbide blades, 








preferred. These devices hold the work- 
piece securely, and the reamer is guided in 
bushings set in exact relation to locating 
points on the workpiece (Fig. 18). 

If the hole is more than one diameter long. 
it is best to guide the reamer in bushings on 
both sides of the work (Fig. 18a). For this, a 
special piloted reamer is required. Guide 
bushings should fit the pilots, but not so 
tightly that they seize and bind. Pilots should 
be grooved throughout their length. The 
grooves serve the double purpose of allowing 
cutting fluid to lubricate the pilots and of 
providing an escape for chips that could be- 
come wedged between the pilots and bush- 
ings. If the hole is not more than one diameter 
long, the reamer may be guided only at the 
hole-entry side of the work, in a guide bush- 
ing made to fit the reamer (Fig. 18b). 

When hardened bushings are used as 
guides, the machine spindle must be accu- 
rately aligned with the bushing. Otherwise. 
the reamer will hit the bushing and may be 
damaged. When using sliding fixtures in 
machines such as gang drill presses, align- 
ment is especially critical. Bronze or fiber 
caps are sometimes placed over the bush- 
ings to assist lead-in, but these caps will not 
completely protect the reamer if it is not 
aligned with the bushing. 

For either setup shown in Fig. 18, a rigid 
drive (reamer shank held directly and rigid- 
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" Two setups employing fixtures and bush- 
Fig. 18 поз for the accurate guiding of reamers 


ly in the machine spindle) is satisfactory be- 
cause any slight misalignment between the 
machine spindle and the work will be correct- 
ed by the guide bushings. However, if the 
reamer is to guide itself into a previously 
made hole, a rigid drive is not satisfactory 
because any misalignment of the machine 
spindle with the work will result in reamed 
holes that are bell mouthed, tapered, or out- 
of-round. Some type of floating drive or spe- 
cial reamer is used for these applications. 

Floating drivers permit some limited an- 
gular misalignment of the reamer, some 
limited parallel misalignment, or both (Fig. 
19). The ideal floating driver permits both 
kinds of float in amounts that can be adjust- 
ed for the greatest allowable misalignment 
in the setup. 











Cutting Fluids 


Cutting fluids used in reaming serve the 
same purposes as in other machining oper- 
ations: 


e Preventing temperature rise in the work- 
piece as well as in the tool. Excessive 











Fig. 19 то ури of float provided by floating 
temperature rise can adversely affect the 





dimensions of a reamed hole 

e Improving cutting action by minimizing 
the adherence of the tool to the surface of 
the workpiece. This adherence occurs 
most often when reaming soft. gummy 
metals. When no cutting fluid (or an 
ineffective onc) is used, the finish ob- 
tained is often rougher by more than 0.25 
to 0.5 шт (10 to 20 pin.) 

e Flushing away chips. In finish reaming, if 
chips are not continuously flushed away, 
they may be picked up by the cutters and 

scratch or gouge the surface of the 





work 


The cutting fluids most widely used are 
noted in Table 5. In setups of borderline 
rigidity, chatter can be minimized or pre- 
vented by the use of mineral seal oil or 
kerosene containing 5 to 25% lard oil or 
other buffers. 

The amount of fluid used is often more 
important than the type. A copious supply 
maintains a nearly constant temperature 
and disperses chips. 

Dry Reaming. Although cutting fluids are 
beneficial in most reaming, some applica- 
tions require no fluid. Gray iron is usually 
reamed dry. When no cutting fluid is used. 
it is advisable to direct an air jet on the work 
for cooling and assistance in chip removal. 
‘The use of a cutting fluid is sometimes 
impractical because of workpiece design, as 
in the following example. 

Example 7: Dry Reaming of Laminated 
Steel Rotors. In reaming shaft holes in 
rotors for fractional-horsepower electric 
motors (Fig. 20). cutting fluid was not used. 
because it would have penetrated between 
the laminated flat stampings and would 
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Reamer details 


Type 

Material. . 

Margin width. mm (in.) 
Back taper. mmvimm (in /in.) 
Radial hook angle in flutes 
Concentricity, mm (in.) 





gl 
0,05 (0.002) 
0.0003 (0.0003) 
[i 


0:005 (0.002) TIR 


Operating conditions 

Machine 2. KW (3 hp) vertical drill press 
Speed, at 190 revémin, m/min (sfm) 15 (50) 
Feed, mmirev (т. геу) pe 1,4 (0.055) 
Cutting fluid None 
Tool life per grind. 200-250 pieces 


ay е ева spiral; right-hand cut. Flute spacing was sti 
ered for elimination of chanter. 





Dry reaming of a shaft hole in a rotor. 
Dimensions in figure given in inches 


Fig. 20 


Table 5 Cutting fluids used in 
reaming various metals 





Sone 
Kerosene viscous 

Sølu- Sulfur- plus lard neutral 

bie oll ized oil ой vit 


Steel 3 4 

Stainless steel x x 

ay iron X 

Malleable or 
nodular iron 

Aluminum 

Copper 

Brass 


bryta) 








x 


xxx» 


x x 


tay When no cutting fluid is used. an air jet is advisable for cooling. 
or chip removal 





have been nearly impossible to remove. Phe 
rotors were reamed with ten-flute spiral 
reamers (Fig. 20) made of M4 high-speed 
steel. (High-speed steel is preferred for 
reaming workpieces of this type because 
they promote tool chatter.) The rotors were 
held on simple pins (to prevent them from 
rotating) in a two-station hand-indexing fix- 
ture; reamers were held in radial floating 
holders. Other details are tabulated with 
Fig. 20. 
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Countersinking, Counterboring, 


COUNTERSINKING, COUNTERBOR- 
ING, AND SPOTFACING are three machin- 
ing operations used to enlarge the opening of 
à hole. In countersinking, a conical, reamer- 
like tool is used to cut a tapered enlargement 
at the opening of a hole for receiving the head 
of a fastener, for receiving a center, or for 
deburring. The surface cut by the tool is 
concentric with the hole and at an angle of 
less than 90° to it. Counterboring and spotfac- 
ing do not produce a tapered hole enlarge- 
ment; instead, these techniques enlarge the 
hole to a given diameter. The difference be- 
tween counterboring and spotfacing is that a 
counterbored surface usually has a shoulder 
at the bottom of the enlarged hole, while a 
spotfaced surface is flat and always at right 
angles with the axis of the hole. In addition, 
the depth of cut in spotfacing is usually shal- 
lower than that in counterboring. 

Countersinking, counterboring, and spot- 
facing operations can be carried out on 
drilling machines and usually follow (or are 
combined with) drilling operations. Spotfac- 
ing, however, sometimes precedes drilling. 
This is done to provide a contoured work- 
piece with a flat surface in order to facilitate 
centering and starting of the drilled hole. 





Countersinking 


Although countersinking tools are often 
ground from drills, tools designed especially 
for countersinking are more rigid and pro- 
duce holes with greater accuracy and better 
finish. Many standard types of these tools 
are available in various sizes and angles. 
Five common types of countersinking tools, 
or countersinks, are shown in Fig. | and 
discussed below. 

Machine countersinks (Fig. 1а) are made 
with a radial relief and have four flutes. 
They are most readily available in angles of 
60° for centering, 82° for countersinking 
flathead screws, and 90° for chamfering or 
deburring. These are the most common 
applications. Other angles can be produced 
as needed. 

Three-flute countersinks (Fig. Ib) are 
designed to minimize chatter in counter- 
sinking and deburring, and they can be used 
in either fixed or portable equipment. They 
are especially suitable for use in portable 
equipment because they can center readily 
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Fig. 1 five common types of countersinking tools- 
Ө. ! Soe text for discussion. 


in drilled holes. Three-flute countersinks 
are available in many angles and body di- 
ameters, and they provide better tool life 
than single-flute countersinks. 

Single-flute countersinks (Fig. lc) are 
designed for use in machine countersinking 
and in light-duty countersinking with porta- 
ble equipment. Much smaller holes can be 
countersunk with single-flute tools than 
with multiple-flute tools. However, the di- 
ameter of the drilled hole should be at least 
10% of the diameter of the countersink. The 
single-flute tool should be chosen for appli- 
cations in which multiple-flute tools chatter 
or when the drilled hole is too small for a 
multiple-flute tool. 

Insert-type countersinks (Fig. Id) are 
attached to the body of a drill and locked at 
the desired depth. The body of the drill 
serves as a pilot and provides rigidity. Near 
the bottom of the spindle stroke, the cutting 
edge of the insert engages the surface and 
countersinks the drilled hole. 

An insert-type countersink can also be 
attached to a tap, but the countersink 
should then be spring-loaded instead of 
locked in place. This is required because the 
point at which the tap reverses is not accu- 
rately held and because the lead of a tap is 
too coarse for a countersinking feed unless 
the countersink is spring loaded. 

Interchangeable countersinks, equipped 
with pilots and adapted to tool holders as 
shown in Fig. Ме), are recommended for 
heavy-duty operations. 

Chatterless countersinks (Fig. 2a) typi- 
cally have an odd number of flutes with a 
radial design. One design uses three main 
flutes with three intermediate flutes (Fig. 
2b). Another chatterless countersink has a 
hole that passes diagonally through the tool 
(Fig. 3). The hole generates a single cutting 





(b) 


Fig. 2 Chatterless countersinks. (o) Standard chat- 
19. 2. secless countersink. (b) Chatterless counter- 
sink with three main flutes and three intermediate flutes 


edge and allows a free flow of chips away 
from the cutting edge. 

Combination tools, such as a reamer or a 
step drill combined with a countersink, are 
often used. Multiple-flute subland drills can 
also be adapted to countersinking. 

Spot drilling and countersinking are often 
combined through the use of a drill of 
countersink diameter that has been ground 
at the point end to the countersink angle. 
The drill, guided by a drill bushing, first 
spot drills the fixtured workpiece and then 
countersinks to the desired depth. The hole 
is then drilled using a drill of appropriate 
smaller diameter—usually through the same 
drill bushing and without removing the 
workpiece from the fixture. 

Speed and Feed. The recommended 
speed for countersinking is normally one- 
half to two-thirds the speed used for drilling 
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Fig. 3 free-cutting, chotterless countersinks with а 
J- F single cutting edge. (a) Pilotless. (b) Piloted. 
(c) Removable shank 


the same material. When drilling and coun- 
tersinking are done with a single tool, drill- 
ing speed is often penalized as a result of the 
slower speed required for the countersink- 
ing operation. 

Feed rates are largely governed by work- 
piece composition and by the angle, diame- 
ter, and depth of the countersink. For ex- 
ample, although a feed of 0.10 to 0.15 mm/ 
rev (0.004 to 0.006 in./rev) is normal for 
countersinking a 90° angle in а 25 mm (1 in.) 
diam drilled hole, the above factors may 
restrict the feed to 0.05 mm/rev (0.002 in./ 
rev) or may permit the use of feeds of 0.30 
mm/rev (0.012 in./rev) or more. 


Spottacing 


Many tools used for spotfacing are the 
same as those used for counterboring. How- 
ever, tools designed primarily for spotfacing 
are seldom used for counterboring. Exam- 
ples are back spotfacers and double-end 
spotfacers (Fig. 4). 

Back and Double-End Spotfacers. Back 
spotfacers (Fig. 4a) are used when the shape 
of the part makes it impractical to use the 
down stroke of the spindle. The tool driver 
is held in the spindle and inserted through 
the predrilled hole. The spotfacer is then 
loaded and locked on the driver shaft, and 
the spindle is rotated and fed upward into 
the workpiece. Double-end spotfacers (Fig. 
4b) permit spotfacing and back spotfacing to 
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(b) Integral-piiot counterore 
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Fig. 4 





Functions of o back spotfacer (a) and dou- 
ble-end spotfacer (b) 


be done on two internal surfaces without 
removing the cutter. 

Back or double-end spotfacers can be 
secured to the driver shaft with one or more 
setscrews. This makes it easy to reposition 
the spotfacer on the shaft. A disadvantage 
of this method is that setscrews are likely to 
loosen. At least two proprietary devices are 
available for securing spotfacers to driver 
shafts. One of these devices employs the 
principle of a locking pin, and the other is 
designed with a cam lock. 

Automatic back spotfacers have a wing 
that folds into a recess in the tool. The wing 
carries interchangeable cutters. During in- 
sertion, the wing is folded in, and upon 
spindle reversal, it swings out because of 
centrifugal force or with the aid of a spring. 


Counterboring 


Most tools for counterboring are either of 
two general types: 


© Those that have pilots and can therefore 
use the predrilled hole to stabilize the 
cutting action and to minimize chatter 

© Those that do not have pilots and therefore 
usually must be guided by drill bushings 


Pilots for counterbores are either integral 
with the cutter or are separate, interchange- 
able parts selected to fit the guide hole. Inter- 
changeable pilots are either solid or roller 
style. A large counterbore should not be used 
with too small a pilot. The pilot diameter 
should be at least as large as the root diameter 
of the counterbore, so that chips will not be 
trapped between pilot and cutter. Chip pack- 
ing can cause cutter breakage. 

The pilot must not be too tight nor too 
loose in the guide hole. There should be 
enough clearance so that the pilot can enter 
the guide hole and rotate without binding. 
Too much clearance may cause chatter. For 
solid pilots, clearance of 0.025 mm (0.001 
in.) on the diameter is enough for a pilot 3.2 
mm (4 in.) in diameter; a pilot 75 mm (3 in.) 


CSS 


(d) Subland drill 


Fig. 5 Four types of tools used for counterboring 


in diameter requires clearance of 0.18 mm 
(0,007 in.) for comparable action. For great- 
er accuracy, some guide holes are reamed 
to finish or semifinish size before counter- 
boring. With roller pilots, only 0.0125 to 
0.025 mm (0.0005 to 0.001 in.) of running 
clearance is necessary. Roller pilots provide 
greater performance while reducing possi- 
ble hole damage. Four common types of 
counterboring tools are illustrated in Fig. 5 
and discussed below. 
Interchangeable-pilot  counterbores 
(Fig. Sa) have three, four, or five flutes, 
depending on the size of the counterbore. 
They are available in long or short lengths 
and with either straight or tapered shanks. 
Pilots of different diameters can be used 
with a counterbore of specific size. It is 
usually impractical to use a counterbore 
with an interchangeable pilot in holes small- 
er than 6.4 mm (% in.) in diameter. 
Integral-pilot counterbores (Fig. 5b) are 
designed with two spiral flutes to produce 
holes for small fillister-head and flathead 
screws, and they are used for holes up to 9.5 
mm (У іп.) in diameter. The cutting action 
of integral-pilot counterbores produces ac- 
curate holes without causing chatter. These 
counterbores are available for fillister-head 
screws in sizes 0 through 12, and for flat- 
head screws (82? angle) in sizes up to 9.5 
mm (% in.) and in some larger sizes. 
Interchangeable-cutter — counterbores 
(Fig. 4c) are designed so that cutters of vari- 
ous diameters can be inserted interchange- 
ably into a holder designated for a specific 
range. The inserted cutter is driven by a 
spline, a key, or a pin. The short, rugged 
holders, which are available with straight or 
tapered shanks, make the tool especially well 
suited for heavy-duty operations. The holder 
may have an integral or an interchangeable 
pilot. Interchangeable-cutter counterbores 
also allow the use of carbide cutters without 
the expense of solid carbide bodies. 
Subland drills (Fig. 4d) can be used to 
produce counterbored holes in conjunction 
with drilling operations. These multiple- 
flute tools are of various designs for differ- 
ent applications. Combination tools other 
than subland drills are also used. 
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Table 1 Nominal speeds and feeds for counterboring and spotfacing of carbon and low-alloy steels with 
high-speed steel and carbide tools 
High-speed steel toobi) — — — —— 1 — Carbide тоом) | 
Speed, Feed, mavrey (ште), for tool diameter of: —] Speed, | — — Feed, тту {in rev), for tool diameter of: 
тїз 64mm 3mm 25mm 3mm Dmm 75mm mmn 64mm 3mm 25mm mm Somm 78mm 
Typical stel Mardnes, HB ofm (hi) (йв) (lin) биш) (in) (Jiny (sim (баш) (Uim) in) биш Gm) (in) 
Carbon and low-alloy steels (except free-cutting grades) 
1020, 1045, 4140, .. 85-125 м 008 00 оз о оз о. 15 015 020 028 03 036 оз 
7140, and 8620 at (110) 10.003) (0.004) (0.006) (0.007) 40.007) (0.009) (370) (0.006) (0.008) (0.011) (0.013) 00.014) (0.016) 
hardness ranges 125-175 27 008 00 015 оз оз — 023 93 бз — 020 ов 0з 036 — 04l 
listed at right (90) (0.003) (0.004) (0.006) (0.007) (0.007) (0.009) (305) (0.006) 40.008) (0.011) (0.013) (0.014) (0.016) 
175-225 21 008 — 009 оз оз 015 — 020 81. 015 018 025 — 028 — 030 038 
(70) 40.003) (0.0035) (0.005) (0.005) (0.006) 40.008) (265) 40.006) (0.007) (0.010) 10.011) 40.012) 40.015) 
225-275 18 005 00% 008 010 010 0415 7& 010 01S 020 023 025 030 
460) (0.002) (0.0025) (0.003) 40.004) (0.004) (0:006) (250) (0.004) (0,006) 40.008) (0.009) (0.010) (0.012) 
275-325 15 00! 005 008 ож — 009 ою 66 О 010 015 о 018 020 
(50) (0.001) (0.002) (0.003) (0.003) (0.0035) (0.004) (215) (0.003) (0.004) 10.006) (0.007) 10.007) (0.008) 
325-375 м 003 005 ов — 008 ою бо 55 005 010 015  QIR 018 020 
(4$) 40.000 — (0.002) (0.003) — (0.003) (0.0035) 40.004) — (180) (0.002) 40.004) 10.006) (0.007) (0.007) (0.008) 
375-425 9 0з 005 008 008 009 б 43 005 010 015 о 018 020 
(300 (0.001) (0.002) (0.003) (0.003) — (0.0035) 40.004) (140) (0.002) (0.004) (0.006) (0.007) (0.007) (0.008) 
Free-cutting carbon and low-alloy steels 
1112, 1117, and 124.14 100-150 зт 010 боз — 0I8 ою оз оз — 135 020 025 ою 036 038 оз 
(120) 40.004) (0.005) (0.007) (0.008) (0.009) — (0.011) — (440) 40.008) 40.000) (0,012) 40.014) (0.015) (0.020) 
150-200 40 ош 013 015 оз — 020 025 10 020 025 030 036 OW OSI 
(130) (0.004) (0.005) (0.006) (0.007) (0.008) — (0.010) (490) (0.008) (0.010) (0.012) (0.014) (0.015) (0.020) 
200-250 ?6 008 008 00 оз оз 020 88 0.15 018 05 оз ою 041 
(85) (0.003) (0.003) 40004) 40.005) (0.005) (0.008) (290) 40.006) (0.007) (0.0100 (0.011) (0.012) (0.016) 
MAL 175-225 32 008 00 015 оз бо — 023 N0 015 ою 028 — 030 035 о 
(405) 40.003) — (0.004) (0006) (0.007) (0007) (0.009) (395) 40.006) (0.008) (0.011) (0.012) 10.013) (0.015) 
275-325 п 004 005 008 008 00 013 X? 008 010 015 о — 020 025 
(70) (0.0005) (0.002) — (0.003) (0.003) (0.004) — (0.005) (270) (0.003) 10.004) 40.006) 10.007) 10.008) (0.0100 
325-375 м ооз 005 008 oos он оо 55 005 о 0.3 оз о — 020 
(45) (0.001) (0.002) (0.003) (0.003) (0.0035) (0.004) (180) (0.002) (0.003) 10.005) (0.006) (0.007) (0.008) 
375-425 9 оз 005 ож 008 о» 0.10 з 005 008 013 019 018 020 
(30) 40.000) (0.002) 10.003) (0.003) (0.0035) 40.004) (140) (0.002) 40.003) (0.005) (0.006) (0.007) (0.008) 
414045.. 150-200 77 010 оз 015 018 — 020 02% әв 020 025 030 036 ба 051 
(90) 10.004) (0.00S) (0.006) — 40.007) (0.008) (0.010) (320) (0.008) (0.010) (0.012) (0,014) (0.016) 0.020) 
200-250 21 008 — 009 мз оз 015 — 020 вн 0.15 018 05 028 ою 036 
(70) (000%) (0.0035) (0.005) — (0.005) (0.006) (0.008) (290) (0.006) (0.007) (0.010) 40.011) (0.012) (0.014) 
275-325 15 00 005 008 оз 010 0.13 $9 ош 010 Оз 018 — 020 025 
(50) 40.0015) (0.002) (0.003) — (0.003) (0,004) (0.005) (225) 40.003) (0.004) (0.006) (0.007) (0.008) (0.010) 
375-425 9 оо 005 он ок о® о їз 005 010 015 о б 020 
(30) (0.001) (0.002) (0.003) (0.003) — (0.0035) (0.004) (140) (0.002) (0.004) (0.006) 10.007) 10.007) (0.008) 
50-52 HRC 5 003 005 006 006 ош об з 005 008 ою 010 013 013 
(15) (0.001) (0002) (0.0025) (00025) (0.005) (0.003) (80) 40.002) (0.003) 10.004) (0.004) (0.005) (0.005) 
AILAD 150-200 38 010 013 о — 020 02 оз 135 020 025 030 036 ол 0.51 
(025) (0.004) (0.005) (0.007) (0.008) — (0.009) — (0.011) (440) (0.008) (0,010) 40.012) (0.014) (0.018) (0:020) 
200-250 26 008 008 бош оз бз 020 88 0.15 018 025 028 — 030 041 
(85) 40.003) (0.003) (0.004) (0.005) (0.005) (0.008) (290) (0.006) 40.007) (0.010 (0.0011) (0.012) (0.016) 
275-325 18 004 005 008 009 ою QI з 008 010 015 018 020 025 
460) (0.0015) (0.002) (0.003) (0.0035) (0.004) — 10.005) 1240) (0.003) 10.004) 40.006) (0.007) (0.008) (0.010) 
375-425 9 003 005 008 008 009 о 43 005 008 013 0з 018 — 0.20 
(30) 40.001) (0.002) (0.003) (0.003) (0.0035) 40.004) (140) 10.002) (0.003) (0.005) (0.006) (0.007) (0.008) 
50-52 HRC 5 00) 005 006 008 оз оо 4 0055 008 010 010 013 013 
(15) (0,001) (0.002) (00025) 40.003) (0.003) (0.003) — (30) 10.002) (0.003) (0.004) (0.004) (0.005) (0.005) 


fa! High-speed steel M2 for carbon and ом: Шоу steels other than free-cutting grades at hardnesses to 225 HB and for free-cutting grades to 275 HB: then high-speed steels M2, M42, 
above 175 HB, high-speed steels M42 und TIS. (b) Carbide grade C-2. Source. Metcut Research Associates, Inc. 


and TIS 10 378 НВ; 





Speed and feed are the same for coun- 
terboring and spotfacing and are influenced 
by the same factors as for drilling (see the 
article "Drilling" in this Volume). Speed 
and feed for spotfacing, however, are often 
less critical than for counterboring because 
the depth of cut is less in spotfacing. 

Table 1 lists nominal speeds and feeds for 
counterboring carbon and low-alloy steels 
with high-speed steel and carbide tools. 
These rates can serve as starting points for 
the selection of optimum machining condi- 
tions. 

Speeds for counterboring and spotfacing 
are somewhat lower than those for drilling, 











especially at low work metal hardness, and 


feeds are lower in most applications. Speed 
is primarily governed by the tool material 
used and by the hardness of the work metal: 
the presence of free-cutting additives in the 
work metal exerts a secondary effect. As 
indicated in Table 1, increasing work metal 
hardness necessitates the use of progres- 
sively lower speeds, except for certain free- 
cutting grades at hardnesses below 200 HB. 
Speeds for carbide tools are four to five 
limes those for high-speed steel tools in 
similar operations, and almost all counter- 
boring of steels harder than 52 HRC is done 
with carbide tools. 


Feed 





influenced by the same factors 


as speed and also by tool diameter. Lower 
feeds are used on steels of higher hardne: 
and with tools of smaller diameter. Feeds 
for carbide tools are about twice those for 
high-speed steel tools in similar opera- 
tions. 

When drilling and counterboring are done 
simultaneously with a combination tool (as 
with a subland drill), the diameter of the 
counterbore must be given primary consid- 
eration when selecting speed and feed. This 
often results in the use of subnormal speed 
and feed for the smaller-diameter drill por- 
tion of the combination tool. 





ROLLER BURNISHING is a method of 
working a metal surface to improve its 
finish and dimensional accuracy and can 
provide some degree of work hardening. 
This is a cold-working process that uses 
pressure rolling techniques and does not 
involve metal removal. Roller burnishing is 
applicable to the finis ing of tapered holes, 
inside and outside cylindrical surfaces, cir- 
cular flat surfaces, and continuously curved 
surfaces. By this process, hole diameters 
can be increased by 0.013 to 0.051 mm 
(0.0005 to 0.002 in.) without damage to the 
surface. However, size increase is usually a 
secondary objective. The primary aim is 
improved accuracy and finish as well as 
work-hardened surfaces. 

Machines suited to roller burnishing in- 
clude drill presses, lathes, boring machines, 
and automatic bar or chucking machines, 
depending on the degree of quality and 
accuracy required, The process is applica- 
ble to metals softer than about 40 HRC, 
although diamond burnishing machines are 
available for finishing materials harder than 
40 HRC. However, metals that work harden 
rapidly must be at lower hardness before 
roller burnishing. Roller burnishing in- 
creases surface hardness to a depth of 0.13 
to 0.76 mm (0.005 to 0.030 in.). 











Workpiece Requirements 


The workpiece must have а wall thick- 
ness great enough to withstand the pressure 
exerted by the rollers. If the wall is too thin, 
the workpiece will expand, defeating the 
purpose of the process. In addition, if thin- 
wall parts vary significantly in wall thick- 
ness, roller burnishing may produce a wavy 
surface and taper or out-of-roundness. 

Workpieces with walls as thin as 2 mm 
(Ив in.) can be successfully roller bur- 
nished, but for walls this thin. supporting 
fixtures should be used and size increase 
should not exceed 0.0076 mm (0.0003 in.) on 
the diameter. 

For optimum results in roller burnishing, 
the hole must be round and straight. The 
burnishing tool will not correct deviations 
from roundness or straightness to any de- 


gree. 

Stock Allowance. Typical stock allow- 
ances for holes to be roller burnished are 
given in Table 1. Stock allowance depends 
on hole diameter and varies by a factor of 
five or more as hole diameter increases 


from 4.8 to 60 mm (Ув to 2/2 in.). These 
values will vary with different materials, 
preliminary hardnesses, and preparation 
processes. 


Tools 


Tools for roller burnishing are illustrated 
in Fig. | to 5. The tool shown in Fig. | can 
be adjusted to accommodate a range of 
diameters in increments as small as 0.013 
mm (0.0005 in.). Outside cylindrical surfac- 
es are roller burnished by means of a tool 
such as the one shown in Fig. 2. Such 
external tools also have increment adjust- 
ments, but in the opposite direction. For 
example, an external tool with a 13 mm (/2 
in.) diameter can be adjusted 0.076 mm 
(0.003 in.) below or 0.43 mm (0.017 in.) 
above each 0.8 mm (1⁄2 in.) size. 

Internal tools of the type illustrated in 
Fig. 1 that are 11.9 mm (0.468 in.) or smaller 
in diameter can be adjusted to 0.076 mm 
(0.003 in.) above or 0.43 mm (0.017 in.) 
below each 0.4 mm (Va in.) size. Tools that 
are 12.7 mm (0.500 in.) or larger in diameter 
can be adjusted to 0.10 mm (0.004 in.) above 
or 0.94 mm (0.037 in.) below each 0.8 mm 
(з in.) size. 

The tool shown in Fig. 3 is used for roller 
burnishing tapered holes. It is not adjust- 
able or self-feeding, and pressure is exerted 
by the machine spindle. When using this 
tool with a mechanical feed unit, an over- 
travel adaptor consisting of stacked 
Belleville washers is required to control 
burnishing pressure. 

То roller burnish circular flat surfaces as 
small as 9.5 mm (% in.) in diameter, a tool 
such as that shown in Fig. 4 ts used. This 
tool is not adjustable, and pressure ts exert- 
ed by the machine spindle. An overtravel 
adaptor is required when using this type of 
tool with mechanical feed. 











Table 1 Typical stock allowances 
for roller burnishing 








"Stock allowance. 
Hole diameter, on diameter, 
тып ба.) mm (n.) 
475-127 (0.187-0.500) - 0.017 (0.00067) 





13.48-24.59 (0.531-0.968). 
25.40-44.45 (1.000-1.750). 
45.24-63.50 (1.781—2.500). 
64.29 and larger 

(2.531 and larger) ...-.-- 


0.025 (0.001) 
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i Internal tool for the roller burnishing of 
Fig. 1 уде cylindrical surfaces 


Mangra! «eet 





Micrometer nut hank 


Я External tool for the roller burnishing of 
Fig. 2 side cylindrical surfaces 





i Tool for the roller burnishing of tapered 
Fig. 3 holes 





$, Tool for the roller burnishing of circular flat 
Fig. 4 „посе: 


A single roller burnishing tool is illustrat- 
i ‚ This type of tool is primarily 
or numerical-control machines, 
and one tool can often finish the inside and 
outside surfaces of cylinders with several 
different diameters. With conventional ma- 
chines, single rollers are a cost-effective 
alternative when typical burnishing tools 
cannot accommodate large-diameter work- 
pieces. Single rollers can also be specially 
designed for the finishing of curved surfac- 





es. 

Because of the single point contact of 
single rollers, deflection may be a problem 
with smaller workpieces. However, à small- 
er radius tool can reduce the force required 
for burnishing. This reduces the amount of 





Rollers 








‘Schematic illustrating the components of a 
single roller burnishing tool 


Fig. 5 
deflection; feed rates would also have to be 
reduced. 


Tolerance and Finish 


Roller burnishing can usually work to 
tolerances with a total variation of 0.013 
mm (0.0005 in.). Even closer tolerances can 
be obtained under closely controlled condi- 
tions. 

Bores having an initial finish of 2.50 to 
3.20 ьт (100 to 125 pin.) have been roller 
burnished in a single pass to a finish of 0.050 
to 0.38 рт (2 to 15 pin), depending on the 


Table 2 Typical inside and outside di 
roller burnishing tools 


Surface finish, yin. 
10 100 1000 10000 








Rough milling 
Finish milling 
Rough turning 
Smooth turning 
Rough grinding 
Finish grinding 














Lapping 
Honing 
Superfinishing 
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Surface finish, um 


Typical surface finishes produced by various 
metalworking processes 


Fig. 6 


workpiece metal. Results obtained on spe- 
cific metals are as follows: 0.050 to 0.20 ym 
(2 to 8 pin.) on bronze and aluminum, 0.10 
to 0.20 рт (4 to 8 pin.) on steel, and 0.25 to 
0.38 рт (10 to 15 pin.) on cast iron. In some 
cases, special care can improve on these 
finishes (for example, bores finished and 
sized by pressing a hardened ball through 
the bore). The finish typically obtained in 
boring or from an end-cutting reamer is 
preferred for roller burnishing. 

Figure 6 compares the surface finish ob- 
tained with roller burnishing to those ob- 
tained with other metalworking processes. 
Additional information on these alternative 
methods is available in the articles 





jameter speed and feed rates for 

















Hole diumeter Speed, Fed — — —31 

m n pred EET m 
4.8 1500-3600 0.18-0.30 0.007-0.012 
64 1500-3600 0.18-0.30 0.007-0.012 
19 1200-3600 0.25-0.38 0.010-0.015 
9.5 1000-3000. 0.38-0.51 0.015-0.020 
n 875-2600 0.51-0.64 0.015-0.025 
n 800-2250 0.51-0.64 0.015-0.025 
4 660-2000 0.51-0.64 0.015-0.025 

16 620-1850 0.64-0.89 0.025-0. 
В а 560-1700. 0.64-0.89 0.025-0.035 
19 520-1550 0.76-1.02 0.030-0.040. 
2 480-1400 0.76-1.02 0.030-0.040 
22 440-1300 0.035-0.045 
А 400-1200 0.040-0.050 
25 375-1150 0.045-0.055 
BE фа 340-1000. 0.050-0.060 
x 300-900 0.060-0.070 
35 275-850 0.070-0.080 
38 250-750 0.080-0.090 
al 240-700 0.085-0.095 
44 220-650 0.090-0. 100 
48 200-600 0.105-0.115 
5 190-575 0.120-0.130 
5 180-540. 0.130-0.140 
57 170-510 0.145-0.155 
60 160-480. 0.155-0.165 
63 150-450 0.170-0.180 
67 145-420. 0.085-0.090 
70 140-410 0.095-0.100 
n 0.100-0.105 
75 0.100-0.105 
8 0.125-0.130 
102 0.150-0.155 
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Speed 435 rev/min (82 m/min, or 
270 sfm) 
Feed 2.5 тпутеу (0.100 in./rev) 


Cutting fluid . SAE 20 oil:kerosene (1:1) 
Downtime for changing 
tools 


Average tool life ........ 


Fig. 7 


12 min 
10 000 bores 





Roller burnishing cylindrical bores in a mag- 
nesium brake housing 


"Milling," “Turning,” “Principles of 
Grinding," “Honing, and “Lapping” in 
this Volume. 


Speed, Feed, 
and Lubrication 

Speed and feed for roller burnishing vary 
with the diameter being finished, but are not 
critical. Satisfactory results are obtained at 
speeds of 18 to 46 m/min (60 to 150 sfm) and 
feeds of 0.13 mm/rev (0.005 in./rev) for 
small diameters to 5.1 mm/rev (0.200 in./ 
rev) for large diameters (<127 mm, or 5 in.). 
Typical spindle speeds and feeds for various 
inside and outside diameters are given in 
able 2. Pressures vary with the application 
and yield strength of the workpiece. 

lubrication. Little heat is generated in 
roller burnishing. Enough lubrication is pro- 
vided by applying a few drops (as from a 
squirt can) of a light spindle oil or of a 
relatively rich soluble oil (mixed | to 10 with 
water) to each roller before the tool burnishes 
à hole. The following example describes typ- 
ical techniques and conditions used in the 
roller burnishing of magnesium alloy castings. 

Example Three 60.35 mm (2.376 
in.) Diam Cylinder Bores. Figure 7 shows à 
brake housing, cast from AZ92A magne- 
sium alloy, in which the walls of three 60.35 
mm (2.376 in.) diam cylinder bores were 
roller burnished to a diametral tolerance of 
20.020 mm (0.0008 in.) and a 0.38 pm (15 
pin.) surface finish. These bores had been 
machined undersize to a diametral tolerance 
of 0.025 to 0.038 mm (0.001 to 0.0015 in.) 
and a 1.50 jum (60 pin.) surface finish. 

For roller burnishing, the housing was 
clamped, bore side up, to the fixture base 
with L-type clamps, as shown in Fig. 7. The 
burnishing tool contained a series of hard- 
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ened tapered rollers that rode on a mandrel 
tapered inversely to the taper of the rollers. 


Fillet Rolling 


Fillet rolling is done to improve fatigue 
resistance. It is a specialized operation that 
uses a narrow roller of required shape. The 
rolling and pressing cause combined rolling 
and sliding (lubrication is used). Forces are 
not large; for example, a fillet of 0.8 mm (52 
in.) radius can usually be rolled with a force 
of 440 N (100 Ibf) or less in ten revolutions 
(passes) around the fillet. A plain roller of 
oil-hardening tool steel at 62 to 65 HRC can 
roll fillets on several thousand pieces at low 
cost, 


In a modification of roller burnishing 
known as bearingizing, metal surfaces are 
finished by a combined rolling and peening 
action. In this process, hardened rollers rotat- 
ing around and bearing on cams (Fig. 8) rise 
and fall rapidly, delivering as many as 200 000 
blows per minute. This action produces a 
smooth surface, improves roundness and 
straightness, and increases surface hardness 
to a depth of 0.13 to 0.38 mm (0.005 to 0.015 
in.). The inside surfaces of tubes 3 to 6 m (10 
to 20 ft) long have been successfully pro- 
cessed by this method. In most applications, 
however, bore length is relatively short (less 
than three times diameter). Copper alloys, 
because of their low hardness and high duc: 
tility, are especially suitable for this process. 

Tools. Three basic types of tools for the 
finishing of bores are illustrated in Fig. 9. 
Selection depends on whether the hole is 
through or blind and, for blind holes, on 
how close to the bottom that finishing is 
required. The bottoming tool shown in Fig. 
9 can finish to 0.76 mm (0.030 in.) from the 
bottom of a blind hole. Two styles of cams 
are also available (Fig. 8); the steep-rise 
cam is used in thin-wall parts. 

















Standard ca 


workpiece 


over cams 


Cross sections of bearingizing tools posi- 
tioned in workpieces showing rollers riding 


Taper-shank tools are available from 
stock in diameters of 4.8 to 25 mm (У to 1 
in.) in 0.8 mm (2 in.) increments. Overall 
length and working length (distance from 
the leading end of the tool to the beginning 
of the taper shank) vary proportionately, 
from 75 mm (2!%e in.) for the 4.8 mm (Yis 
in.) diam tool to 152 mm (6 in.) for the 25 
mm (1 in.) diam tool. The number and size of 
rollers also vary with diameter; for example, 
the 4.8 mm (16 in.) diam tool has 6 rollers, 
while the 25 mm (1 in.) diam tool has 12. 

Tools are available in diameters up to 305 
mm (12 in.), but sizes larger than 203 mm (8 
in.) in diameter are seldom used. A tool can 
be adjusted in a total range of about 0.10 
mm (0.004 in.) by changing rollers. Rollers 
are available in increments of 0.0025 mm 
(0.0001 in.). Because the rollers are diamet- 
rically opposed, the tool can be adjusted in 
increments of 0.0051 mm (0.0002 in.). 

Tolerance and Finish. Bores are com- 
monly finished to tolerances of + 0,0001 mm/ 
mm (0.0001 in./in.) of diameter by the bear- 
ingizing process. Notable examples are pis- 
ton-pin bores, which are finished to a total 
tolerance of 0.0051 mm (0.0002 in.). Howev- 
er, such parts must be finished to close toler- 
ances in a prior operation, because the total 
expansion for holes less than 25 mm (1 in.) in 
diameter is only about 0.013 mm (0.0005 in.) 
(except holes in thin-wall tubing, which can 











Fig. 9 Bexinsizing tools for finishing through ond 
19. 7 blind holes. (a) Bottoming. (b) Semibottom- 
ing. (c) Through-hole 


be expanded several hundredths of a millime- 
ter). For holes larger than 25 mm (1 in.) in 
diameter, à total expansion of 0.025 mm 
(0.001 in.) is normal. Hole straightness de- 
pends largely on prior operations. 

The preferred prior survace is one pro- 
duced by a single-point tool (as in boring) to 
a roughness of 2.00 to 3.00 pm (80 to 120 
pin.). Starting with this roughness. most 
metals can be finished to about 0.125 шт (5 
шіп.). For porous metals (such as sintered 
bronze), however, the resulting finish is 
likely to be closer to 0.30 шт (12 pin.). 

Speed and Feed. Neither speed nor feed 
is critical. Speeds of 90 to 150 m/min (300 to 
500 sfm) have proved satisfactory. Because 
the operation is done in one quick pass. feed 
rate is difficult to measure, but 3800 to 6350 
mm/min (150 to 250 in./min) is normal. 

Little time is required per hole; for exam- 
ple. a hole 75 mm (3 in.) deep is finished in 
slightly over 1 s. Indexing of the workpiece 
usually requires more time than the actual 
operation. 

Lubrication is seldom necessary, but 
tools should be cleaned frequently with a 
light oil having a viscosity of about 100 SUS 
(Saybolt universal second). Spindle oil is 
often used. Only a few drops applied with à 
squirt can or a brush are necessary to get oil 
into the roller cage. Centrifugal force then 
washes out metal particles or dust. 





Tapping 


Revised by Mark Johnson, Tapmatic Corporation 


TAPPING is a machining process for 
producing internal threads. A tap is a cylin- 
drical or conical thread-cutting tool having 
threads of a desired form on the periphery. 
Combining rotary motion with axial motion, 
the tap cuts or forms the internal thread. 

Most metals that can be machined with 
single-point tools can be tapped, but the cost 
of tapping usually rises sharply as the hard- 
ness of the work metal increases beyond 25 
HRC. Although steel as hard as 52 HRC can 
be tapped, efficiency is low and cost is high. 

Threads as fine as 360 threads per 25 mm 
(L in.) in 0.335 mm (0.0132 in.) diam holes or 
as coarse as 3 threads per 25 mm (1 in.) in 
610 mm (24 in.) diam pipe fittings are rou- 
tinely tapped. 


The machines most commonly used for 
tapping are drill presses, tapping machines, 
gang machines, manual or automatic turret 
id other multiple-operation ma- 
pping machines are basically drill 
presses equipped with lead screws, tap 
holders, and reversing mechanisms. 

Lead screws or lead-control devices pro- 
vide a means of regulating the desired feed. 
rate during tapping. The amount of feed per 
revolution. determines the pitch of the 
lapped thread. Lead screws convert rotary 
motion into linear motion so that the axial 
motion of the tap into the hole conforms 
with the desired pitch of the thread. Lead- 
screw control is often used in high-volume 
applications or with larger tap sizes to en- 
sure quality threads. 

A typical lead control is shown in Fig. 1. 
A driving pinion, keyed to the main drive 
shaft, drives a gear keyed to the lead-screw 
shaft. The lead screw passes through the 
lead-screw nut, which is fastened to the 
stationary housing. When the main drive 
shaft rotates, it turns the lead-screw shaft. 
The rotation of the lead screw within the 
lead-screw nut causes the assembly to trav- 
el up or down at à speed regulated by the 
lead screw. This controlled action, trans- 
mitted to the chuck, drives the tap into the 
workpiece at a controlled rate. At the end of 
the strokc, when the tap has penetrated the 
workpiece to the desired depth, the direc- 
tion of shaft rotation is reversed, and the 









lead-control mechanism backs the tap out of 
the tapped hole. 

There are two disadvantages of lead con- 
trol in tapping. First, the need to return to 
the starting point to begin each cycle, and to 
stop rotation between cycles, may lengthen 
the tapping cycle. For example, when using 
a collapsible tap, it would be possible to 
retract the tap more rapidly from the work- 
piece without lead control. Second, chang- 
ing taps for different thread sizes consumes 
more time when lead control is used bc- 
cause the feed-controlling members in the 
mechanism also must be changed. The ad- 
ditional time required may increase cost in 
short-run tapping, in which the thread pitch 
is frequently changed. 

Tension/compression tapping spindles 
and attachments provide axial float and 
compensate for any difference between ma- 
chine feed and correct tap feed. The axial 
float of tapping attachments with tension/ 
compression mechanisms also makes it pos- 
sible to tap several different thread pitches at 
the same time with a single machine feed rate. 

Self-reversing tapping attachments 
eliminate the need for reversing motors for 
tap retraction and provide precision tapping 
for machines without reversing motors. 
These attachments can be used on all ma- 
chines that provide rotation to the reversing 
mechanism inside the attachment. 

Compact reversing attachments are the 
most popular type of self-reversing tapping 
attachment. These devices have a self-feed, 
or axial float, that permits the tap to act as 
its own lead screw, and their compact size 
provides versatility. Other types of self- 
reversing attachments utilize built-in lead 
screws or require a higher degree of opera- 
tor skill in maintaining proper feed rates. 

Ball drive provides a reduction in friction 
during tapping operations. A spring-biased 
rolling ball transmits rotational power to the 
tap and compensates for any operator or 
machine feed error during tapping. The 
symmetrical design of ball-driven tools has 
made it possible to tap right- or left-hand 
threads with a self-reversing tool. 

Nonreversing tapping attachments 
must be used on machines equipped with 
reversing motors. These devices are exten- 
sively used on radial drills, milling ma- 
chines, lathes, and numerical-controlled 














Мап семе [7 
shot 


Lead screw 


Leod-screw n4 




















Driven 
year 





















































[| 


huck 





d 

















i E ^ 
| 
NEM ee 06 


| 
\. 





Lead-screw mechanism for control of tap 
feed. See tex! for discussion. 


Fig. 1 


equipment. The main advantages of nonre- 
versing attachments are their simplicity and 
compact design. 

Drill Presses. When no other machining 
operations are involved. drill presses are 
often used for tapping because they are easy 
to set up and simple to operate. Drill press- 
es can be provided with lead-control de- 
vices to regulate tap feed rates. However, 
when lead control is required, tapping ma- 
chines are ordinarily used rather than drill 
presses. 
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Fig. 2 standard nomenclature for design details of solid taps 


When a solid tap is used, the drill press 
must be provided with a tapping attachment 
or a reversing motor having a tension/com- 
pression tap holder. This additional equip- 
ment is necessary because the spindle cannot 
be stopped quickly or precisely enough to 
hold specified depth tolerance and is not 
easily reversed to allow the tap to be removed 
from the workpiece. With a tapping айас! 
ment, movement of the feeding lever is 
stopped at a predetermined point; the tapping 
attachment then automatically stops the rota- 
tion of the tap. Upward movement of the 
control lever causes the tapping attachment 
to reverse and spin the tap out of the hole. 

With a collapsible tap. a tapping attach- 
ment is not required. ‘The tap penetrates the 
work to a predetermined point at which it 
automatically collapses and retracts from 
the work, letting the spindle return without 
stopping or reversing. 

Single-spindle tapping machines are 
generally used for small-to-medium produc- 
tion lots. The simpler models have no lead 
control but depend on the screw action of 
the tap in the hole to govern feed. 

In a hydraulically driven machine without 
lead control, axially floated spindles or 
holders compensate for differences between 
the feed of the machine and the lead of the 
tap. An uncontrolled hydraulic feed will not 
maintain a stable feed rate and might tear 
the threads. 

Multiple-spindle tapping machines are 
for high-volume production. All spindles 
(some machines have 25 or more) are rotat- 
ed by a common power source. With these 
machines, holes of different sizes can be 
tapped simultaneously. Spindles having ax- 
ial float can compensate for differences 
between the lead of the tap and the feed of 
the spindle. Thus, different thread pitches 
can be tapped simultaneously in the same 
machine, 

Gang machines permit in-line drilling, 
reaming, and tapping operations, much as in 
multiple-spindle drilling. Gang machines are 











intended and used primarily for low produc- 
tion. 

Manual turret lathes arc used for tap- 
ping small production lots. Turret lathes are 
generally more accurate than machines that 
rotate the tap instead of the workpiece. 
Moreover, in a turret lathe, tapping can be 
combined with other operations; therefore, 
on the same machine the holes can be 
drilled, bored, reamed, and tapped. This 
permits the use of higher tapping speed and 
results in longer tap life than is possibli 
when the holes are less accurate. A lead- 
control device is almost mandatory when 
tapping on a turret lathe because the mass 
of the turret decreases the feel the operator 
needs to control the feed by hand. 

Automatic Turret Lathes and Bar or 
Chucking Machines. Tapping can often be 
included in a sequence of operations in an 
automatic turret lathe or in a single-spindle 
or multiple-spindle bar or chucking ma- 
chine. However. because of the relatively 
long setup time required for these ma- 
chines, they are usually efficient only for 
large production lots. Moreover, tapping 
efficiency may depend on the number of 
other operations that can be incorporated 
into the automatic sequence; some ma- 
chines can perform 25 operations per piece. 
All automatic turret lathes, bar machines, 
and chucking machines use lead-control de- 
vices for regulating the feed. 

Machine Selection. Selection of the 
propriate machine for a tapping operation is 
based on: 














* Size of the workpiece 

© Shape of the workpiece 

е Production quantity 

* Tolerance 

* Specified finish 

ө Number of related operations 
* Cost 


Many machines tap a wide range of thread 
sizes. Somewhere within its range, howev- 
er, a machine is most effective in produc- 


ing quality threads. Small-diameter, fine- 
pitch threads should be cut on machines of 
relatively low power, while larger threads 
and harder materials require heavier ma- 
chines with more power. Pipe threads re- 
quire considerably more torque than 
straight threads. 


Tap Classification 


On the basis of their construction, taps 
are classified into seven categories: 


ө Solid taps 

© Shell taps 

* Sectional taps 

* Expansion taps 

* Inserted-chaser taps 
* Adjustable taps 

* Collapsible taps 


The following sections describe the design 
and function of taps in these categories. 


Solid Taps 

Solid taps are one-piece taps, usually 
made of high-speed steel but sometimes of 
carbon tool steel or of carbide. Solid taps 
are of two basic types: straight thread and 
taper thread. Straight-thread taps make 
threads that do not vary in pitch diameter; 
taper-thread taps make threads with a uni- 
form reduction in pitch diameter from 
thread to thread (pipe threads). Standard 
nomenclature for details of solid taps is 
given in Fig. 2. Most solid taps have flutes 
and chamfer. 

Flutes. Taps have flutes for three reasons: 
to provide cutting edges, to provide chip 
clearance and a means of chip control, and 
to conduct fluid to the cutting sections of 
the tap. Taps may have straight flutes, 
spiral flutes, or a combination of both. Taps 
with straight flutes are the most commonly 
used because they are more easily made and 
sharpened than spiral-flute taps and be- 
cause they perform satisfactorily under 
many conditions. 

Chamfer. Solid taps have three types of 
chamfer: 

* Taper chamfer (7 to 9 threads) 


© Plug chamfer (3 to 5 threads) 
© Bottoming chamfer (1 to 1% threads) 











Taper chamfer (Fig. 3a) distributes the 
cutting load over the greatest number of 
threads and permits easiest starting of the 
tap into the workpiei herefore, taper- 
chamfer taps are especially suited for tap- 
ping difficult-to-machine metals. However, 
taper-chamfer taps are seldom suitable for 
blind holes (too much of the hole is left 
unthreaded). They also require longer travel 
than other types to produce full threads in 
through holes. 

Plug chamfer (Fig. 3b) is the most com- 
monly used type. Taps with plug chamfer 
are not required to penetrate a hole as 
deeply as taps with taper chamfer to pro- 
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Fig. З chomfers for solid taps 





duce a given length of thread; therefore, 
they produce at a slightly higher rate. Ex- 
cept in the difficult-to-machine metals, a 
plug-chamfer tap enters the hole with rea- 
sonable ease. If sufficient clearance can be 
provided, plug-chamfer taps are used suc- 
cessfully in blind-hole tapping. 

Bottoming chamfer (Fig. 3c) is usually 
used only for blind holes. When tapping a 
blind hole in a difficult-to-machine metal. it 
is common practice to tap as deeply as 
possible with a taper-chamfer tap or plug- 
chamfer lap (or sometimes with both, suc- 
cessively) and then to use a bottoming- 
chamfer tap to finish tapping to the required 
depth. This practice reduces the time that 
the | to 1% cutting threads in a bottoming 
chamfer are under maximum stress. 

Basic Styles of Solid Taps. The solid taps 
generally in use are standard hand taps. 
spiral-point taps, and spiral-flute taps. Each 
style is described below. 

Hand taps (Fig. 4a) are the most common 
type. They were originally used for tapping 
by hand, and although most are now used in 
machines, the name has persisted. 

Hand taps are produced with either 
straight or spiral flutes. Many have four 
flutes, but for tapping metals that produce 
soft, stringy chips or for ease of chip remov- 
al in deep-hole tapping. three or even two 
flutes can be used. 

Spiral-point taps (Fig. 4b) have straight 
flutes supplemented by left-hand angular 
flutes near the point. The purpose of the 
spiral point is to push the chips ahead of the 
tap as tapping progresses. 
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Fig. 4 three bosic styles of solid tops 


Spiral-point taps are best suited for 
through holes. However, spiral-point taps 
with plug chamfer can be used for blind 
holes, provided there is enough clearance 
beyond the tapped section to accommodate 
the chips. 

Because the flutes in spiral-point taps are 
less needed for chip passage, they can be 
shallower than in standard hand taps. and 
the tap body can have a stronger cross 
section. The angular cutting edges generat- 
ed by the spiral points cut with a shearing 
action, producing a fine finish on the 
Furthermore, with the flutes clear 

ips, the cutting fluid can move more 
freely along the flutes to the cutting edges. 

Spiral-flute taps (Fig. 4c) can have right- 
hand or left-hand flutes; right-hand flutes 
are more common. The spiral produces a 
lifting action that forces the chips along the 
flute. The spiral of the flutes may be regular 
(about 25 to 35°) or fast (about 50 to 65°); а 
fast spiral accelerates chip removal. 

Spiral-flute taps are also used to advan- 
tage when tapping holes having keyways or 
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other interruptions. The cutting edges meet 
the interruption progressively, thus cutting 
more smoothly and being less subject to 
shock. 

Taps cutting regular right-hand threads 
can be furnished with left-hand spi 
These spirals will push the chips ahead of 
the tap through the hole for disposal. Keep- 
ing the chips out of the flutes minimizes tap 
breakage and thread damage when the tap is 
reversed for removal. The shearing action 
resulting from the angle of the cutting edge 
on spiral-flute taps produces a better thread 
finish on difficult-to-machine metals. 

Modified Styles of Solid Taps. Six of the 
many modifications of the three basic styles 
of solid taps are shown in Fig. 5. 

Bent-shank tapper taps (Fig. Sa) are used 
for tapping nuts in an automatic tapping 
machine. The nuts are usually fed from a 
hopper, and as they are tapped, they pass 
over the shank and are ejected automati 
ly over the bent end. Consequently, it i 
unnecessary to reverse the tap as it would 
be with a conventional tap. 

Combination roughing-and finishing taps 
(Fig. 5b) have two stages; the first cuts to 
rough dimensions, and the second cuts the 
finished thread. The main disadvantage of 
these taps is the distance they extend be- 
yond the workpiece at the completion of 
tapping; this limits their use to the tapping 
of through hole: 

Step taps (Fig. Sc) are used for simulta- 
neously cutting threads of the same pitch 
but of two different diameters. 

Short-flute spiral-point taps (Fig. Sd) are 
designed for through holes in thin sections 
such as webs and sheet metal. Because they 
are fluted only at the spiral point, these taps 
are durable. They are limited to tapped 
holes that are not deeper than one diameter. 

Pulley taps (Fig. 5c) have the same thread 
dimensions as hand taps, but they have 
shanks as large in diameter as the major 
diameter of the tap thread and much longer 
than the shanks of hand taps. When the taps 
thread holes for oil cups or setscrews in 
pulley hubs, the oversize shanks act as 
guides in the access holes in the pulley rims 
to keep the taps aligned. 

Piloted ground-thread taps (Fig. 5f) are 
used to maintain the concentricity of 
threads in workpiece holes. The pilot can be 
guided by the work hole, a special pilot 
hole, or a bushing. Piloted taps are specially 
made to order. 

Sizing Solid Taps. With solid taps, the 
relationship between tap size and solid hole 
size is varied to meet specific conditions. 
For example, a tapped hole in a part to be 
electroplated must be oversize by a mini- 
mum of four times plate thickness to com- 
pensate for the electrodeposited metal. An- 
other condition for which compensation is 
required is the outward force exerted by the 
tap when cutting. This force, particularly in 
thin-wall parts, may be sufficient to influ- 
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Table 1 Tolerance on pitch 
diameter of standard taps ground 
oversize 





Сыана) Tolerance. 





Taps 25 mm (1 in.) or less in diameter. 


GHI. mm (in.) ... Basic, to basie plus 
0.0125 (0.0005) 
Basic plus 0.0125-0.025 


GH2, mm (їп.). ol 
40.0005-0,001) 


«НЗ, mm (їп)... . Basic plus 0,025-0.0375 
(0.001-0.0015) 

GH4, mm (in... Basic plus 0.0375-0.05 
10,0015-0.002) 

ОНЯ, mm (in.) Basic plus 0.05-0.0635 
40.002-0.0025) 

GH6. mm (in)... . Basic plus 0.0635-0.075 
(0.0025-0.003) 

GH7(b), mm (ind) .. Basic plus 0.075-0.087. 


40.003—0,0035) 


‘Taps over 25 mm (1 in.), and through 38 mm (1/2 in.) 


in diameter 








GH2, mm (in) Basic, to basic plus 
4,025 (0.001). 

GH4, mm (in). Basic plus 0.025-0.05 
40.001-0.002) 

НӨ, mm (in.) Basic plus 0.05-0.075 
10,002-0.003) 

GHS, mm tin) Basic plus 0.075-0.10 
40.003-0.004) 





Ground high (oversize), ib) Nonstandard: for tapping 
Werkricces that are susceptible to extreme distortion or to whic 
Extremely heavy electrodeposits will be applied. Sume manufac- 
Wer Nick ОЙТ ps in à specal veris for tapping anc de 
castings 








ence the final results because the part will 
expand during tapping and will contract 
when the tap is removed. To meet these 
conditions, standard taps are ground over- 
size in established increments and then cod- 
ed for identification, as indicated in Table 1. 
Standard taps ground undersize, identi- 
fied as GL (ground low), are also available. 
These taps are used when the tapped hole 
will be retapped after some process such as 
heat treating has caused distortion. They 
are also used when the mating part is under- 
size. Tolerances for three GL taps are: 














Code "Tolerance. 

[TEE Basic, to basic minus 0.0125 
mm (0.0005 in.) 

GL? ‚ Basic minus 0,0125-0.025 mm 
40.00050.0010 in.) 

GLI. Basic minus 0,025-0.0375 mm. 


40,0010-0,0015 in.) 





Shell and Sectional Taps 

Shell taps are generally made of high- 
speed steel, without shanks, and are thread- 
ed to, or nearly to, their full length. As 
shown in Fig. 6(a). this type of tap has а 
full-length hole to accommodate an arbor or 
shank for driving purposes. The arbor hole 
is often made with a keyway for a positive 
drive. Other shell taps may have a tongue or 
groove across the middle of the back of the 
tap to fit a specific driver or shank. 

Shell taps are made to order. usually 25 
mm (1 in.) or larger in diameter and 13 mm 





(b) Sectiono! tap 


(а) She!l top 


Fig. 6 Two styles of tops used with inserted shanks 


(A in.) or more in length. These taps are 
best suited to large-diameter holes where 
thread pitch is eight to the inch or finer and 
where a short tap is required. 

Shell taps can be resharpened in а gang 
by placing two or more on an arbor. In the 
large diameters, they are sometimes cheap- 
er than solid taps. However, shell taps of 
the smaller diameters are generally more 
expensive than their solid tap counterparts. 

Sectional taps (Fig. 6b) are similar to shell 
taps in that they have inserted shanks. The 
cutting section is generally shorter for sec- 
tional taps than for shell taps. Like shell 
taps, they can be resharpened in gang, with 
two or more on an arbor. 


Expansion Taps 

Of the various kinds of expansion taps 
available on special order, all have two 
features in common: 


e Anaxial hole is drilled from the front end 
to beyond the thread length of the tap 

* One or more radial slots or saw cuts are 
made from the surface of the tap to this 
hole between pairs of flutes. The slots. 
which extend the full working length of 
the tap, provide springiness to the thread- 
ed portion 


Two types of expansion taps are illustrated 
di 





hese taps are available in sizes 9.5 mm 
(% in.) in diameter and larger. They are 
ordinarily used only for finishing work or 
for tapping free-machining metals. They are 
comparatively high in cost. 


Inserted-Chaser Taps 

The body of an inserted-chaser tap ha: 
slots that accept sets of four or morc chas- 
ers held in place either by wedges. screws, 
and grooves, or by a combination of screws 
and serrations cut into the chaser body. A 
typical fixed-chaser type is shown in Fig. 8. 

In one common inserted-chaser type, 
each chaser is wedge shaped (wider at the 
base than at the cutting surface). The ends 
of the chasers stop against a shoulder on the 
body of the tap and are held securely in 
position by hardened and ground wedges 
(Fig. 9). These taps, with a cut thread, are 
standard with some tap manufacturers and 
are available in sizes ranging from 38 to 150 
mm (1/4 to 6 in.) in diameter. The initial 
cost is relatively high, but for long produc- 
tion runs the replacement cost of a set of 
chasers is considerably lower than that of a 
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Inserted-choser tap in which chasers are held 
in ploce by wedges 


Fig. 9 


solid tap. Ground-thread chasers for tap- 
ping taper pipe threads are also available, 
but are special and designed to fit the user's 
tap bodies. Oversize holes can be tapped 
with inserted-chaser pipe taps by placing 
shims of uniform thickness under the bases 
of the blades. 

Adjustable Taps. Another type of insert- 
ed-chaser tap is adjustable; that is, it can be 
made to cut smaller or larger. This tap uses 
ground-thread chasers with serrations on 
the backs. The chasers are held in position 
by locking cams, two for each chaser. The 
backs of the chasers stop against two hard- 
ened and ground nuts on the tap body. The 
taps are adjusted by loosening the locking 
cams and turning the nut nearer the chaser. 
The other nut locks the adjusting nut. The 
tap will cut larger when the chasers are 
pushed forward. A still larger cut can be 
made by removing the chasers from the 
body and replacing them one serration far- 
ther away from the axis of the tap. A 
smaller cut is made by placing the chasers 
one serration closer to the axis of the tap. 

"These taps are used almost. exclusively as 
finishing taps where extreme accuracy is 
required. They are made only on special 
order, and the cost is relatively high. 


Collapsible Taps 
A collapsible tap has chasers that are set 
to retract radially after the thread is cut, so 
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that the tap can be withdrawn without reverse 
rotation. There are two basic types of collaps- 
ible taps: rotary and stationary. Rotary taps 
ed in machines in which the tool ro- 
. such as drill presses and tapping ma- 
chines. Stationary taps are used in machines 
that rotate the workpiece, such as turret 
lathes. Both types are controlled by a yoke or 
ring arrangement that automatically with- 
draws the cutting edges when pressure is 
applied to the yok tionary collapsible 
taps (Fig. 10) have a hand lever to reset the 
lap. Collapsible taps can be used in the same 
equipment as solid taps. provided there is 
enough room to accommodate the collapsing 
head. 

Collapsible taps are generally designed 
with flat or blade-type chasers, but for 
tapping large diameters. taps with circular 
chasers are frequently used. With a de- 
mountable nosepiece and blocks, either 
blade or circular chasers can be used in the 
same collapsible tap. 

Taps with blade chasers are generally 
made for diameters of 30 to 100 mm (114 to 
4 in.). Circular-chaser taps are made for 90 
to 130 mm (39^ to 5 in.) diameters. 

Advantages. Collapsible taps have two 
advantages over solid taps: They can be 
adjusted, and they can be removed from the 
workpiece without reversing the spindle. 
The adjustability of collapsible taps is a 
vantageous on first-run jobs in which the 
reaction to the tapping forces is unknown. 
because it permits variation in the amount 
of compensation for distortion of the metal 
being tapped. Collapsible taps can also be 
adjusted to allow for electroplated finishes 
or for growth resulting from heat treatment. 
Therefore. collapsible taps are adaptable to 
both short runs and high production. 

Collapsing the tap eliminates the wear 
that would be caused by friction between 
the cut threads and the tap when the tap is 
reversed for removal. In addition. a collaps- 
ible tap minimizes the danger of tap break- 
age or thread damage caused by trapped 
chips as the tap is removed [rom the tapped 
hole. This is of particular benefit when 
tapping metals that make stringy chips. 

Disadvantages. Compared to solid taps, 
collapsible taps have four disadvantages: 
























* Because of the greater overhung inertia 
of a collapsible tap, a sturdier machine is 
required than for a solid tap 

* Because collapsible taps have a number 
of moving parts, they require more main- 
tenance; worn or loose components 
cause excessive variation in tapped holes 

* They can seldom be used for holes small- 
er than 30 mm (1% in.) in diameter 

* Collapsible taps are expensive 


Tap Materials 


Most taps are made of high-speed s 
Carbide blades (chasers) are sometimes 








Fig. 10 stationary (nonroteting) collapsible tap 





used in adjustable or inserted-chaser taps. 
However. the use of carbide is largely re- 
stricted to special applications—for exam- 
ple, the tapping of especially abrasive 
grades of cast iron or abrasive nonmetals 
such as fiberglass and filled plastics. 

General-purpose high-speed steels, such as 
MI. M2. M7, and M10, are most widely used 
for taps and have proved satisfactory for most 
applications, For tapping difficult-to-machine 
metals (such as heat-resistant alloys. or steels 
harder than about 35 HRC), taps made of onc 
of the more highly alloyed high-speed steels, 
such as MIS or T15, are often justified. How- 
ever. taps made of the more highly alloyed 
high-speed steels cost two to three times as 
much as similar taps made of the general- 
purpose types; the more highly alloyed types 
are more difficult to grind and are more sus- 
ceptible to grinding burn. 

For special tap designs that require great- 
er resistance to abrasion, type M3 (class 2) 
or type M4 is generally used. Where re- 
quirements include high abrasion resistance 
and/or very high resistance to softening at 
elevated temperatures, types Т15 and M42 
are typically used. 

Cost. To the user. tap cost and tap ex- 
pendability are directly related, especially 
in smaller sizes. Most users will sacrifice 
tap life rather than pay for maintenance and 
repair. A tap chipped along its chamfer or in 
the leading threads can be salvaged, but 
replacement may be more economical. In 
addition, cheaper taps, which are discarded 
after short runs, may be more economical 
than costly taps with a longer production 
life. depending on the cost of downtime for 
changing taps. In multiple-spindle setups in 
which tap operating conditions are poor. a 
sacrifice in tap life may prove less expen- 
sive than a second tapping operation. 






































Surface Treatment of Taps 


Many taps are given one of the following 
surface treatments: nitriding, titanium ni- 
tride coatings, chromium plating, or oxida- 
tion (black oxide) by steam. Titanium ni- 
tride coatings are the most common 
treatments used in production shops. These 
treatments increase tap life and improve 
thread finish by: 
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е Reducing adherence of the tap to the 
work metal 

* Reducing chip buildup on cutting edges 

* Minimizing wear caused by erosion from 
chips 


Surface treatments can increase tap life 
by 500% or more. The greatest benefit of 
surface treatment is realized in metals that 
form stringy chips or in hard metals such as 
heat-treated steel. The relative merits of the 
three types of treatment are debatable; all 
have proved helpful. However, steam- 
treated taps are not recommended for use in 
soft metals such as brass, because they are 
likely to tap oversize. 

The main disadvantages of surface treat- 
ments are cost and inconvenience. Regard- 
less of the treatment used, the penetration 
(or buildup. in the case of plating) is so 
small that the taps must be re-treated each 
time they are ground. This is sometimes a 
greal inconvenience, especially when the 
taps must be sent out for treatment 











Selection of Tap Features 


The main influences on the selection of 
tap design features are work metal compo- 
sition and hardness, class of thread re- 
quired. and cost. The following example 
describes an application in which changes in 
the design of the tap proved beneficial. 

Example 1: Tap Redesign to Produce 
Acceptable Threads. The tapping of 1-14 
UNS threads in free-cutting brass was one 
of a sequence of operations in a multiple- 
spindle machine. The taps originally used 
were standard four-flute taps with a 12 
positive rake and relatively wide lands, and 
they had been subjected to a steam oxide 
surface treatment. These taps failed to pick 
up the lead: consequently, the threads were 
reamed to the extent that a no-go gage 
would enter the full length of the threads. In 
addition, the steam oxide treatment caused 
the taps to cut oversize because the pitted 
surface from the oxide treatment, combined 
with the use of soluble oil as a cutting fluid. 
caused the thread flanks to load. 

The following revisions were made: 








ө The land width of the tap was reduced 
from 7.6 to 4.2 mm (0.300 to 0.165 in.) 

@ The rake was reduced to 3° 

€ The surface treatment of the taps was 
changed to nitriding 

ө A light mineral oil (paraffin base) was 
substituted for the soluble oil 


These changes produced acceptable parts. 
Tap life between grinds was 32 000 piece: 
Each tap could be reground three time: 
therefore. total tap life averaged 128 000 
pieces. 

Flute Selection. Selecting between three- 
flute and four-flute taps often involves а 
difficult decision. Four-flute taps have less 
cutting load per tooth, but three-flute taps in 
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13. steel 























Tap details 
Material... MI high-speed steel 
Steam oxide 
Hook angle, de spin 
Number of chamfered 

threads. " ^ 
Chamfer angle sa 
Chamfer relief, mm (in) 6.230.028 (0.009-0.001 1) 
Spiral-point angle . TAM 
Spiral-point length K threads 
Operating conditions 

at 407 rev/min, 

тїтїп (stm) . 24 (80) 
Cutting fluid. 2 Sulfurized oil 
‘Thread length, mm (in.J...... 19 (4) (through) 
Percentage of thread na 

ap life per grind, pie. 10 000 
Production rate. piecesih. ... 500 








i Use of a four-flute spiral-point tap for 
Fig. 11 reading nuts in an automatic nut tapper. 
А three-flute top was preferred for 4-10 UNC-28 
threads in these nuts. 


the same size have greater strength and 
more chip room. Thread pitch sometimes 
influences the decision, as indicated in the 
following example. 

Example 2: Three-Flute Versus Four- 
Flute Taps. A four-fute spiral-point tap 
proved superior to one with three flutes for 
cutting Ya-16 UNF-2B threads in steel nuts. 
using an automatic nut tapper (Fig. 11). The 
greater number of cutting edges on the 
four-flute tap. together with the smaller 
chips it produced, resulted in smoother fin- 
ish on the threads and longer tap life. Tap 
details and operating conditions are given 
with Fig. 1l. However, for tapping Ya-10 
UNC-2B threads in these nuts, a three-flute 
lap was preferred because of the greater 
strength in the tap and increased clearance 
to pass the larger chips. 





Factors That Influence 
Procedures and Results 


The principal factors that influence the 
selection of equipment and procedure for 
tapping and that affect thread quality, pro- 
ductivity, and cost are: 





e Composition and hardness of the metal 
being tapped 

ө Size and shape of the workpiece 

© Thread size and depth 
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‘Tapping conditions (holes of both diameters) 





Type of machine на Aut 
Depth of through holes. mm (in.) 2 












tomatic tapping 
(д) 











Tap drill for 4-28. mm tin). No. 3. 41 (00.213) 
Tap drill for mm (in.) VS Ca) 
Curting fluid Lithopone-pigmented wax and fatty ester in lurd-mineral oil 
Tap material MID high-speed steel 
те we» | I Wn т, 
Tap details Is HRC 47. SP ARE I8 HRC 41,52 НАС 
0 0 о 0 
2 5 2 5 
E 2 м al 
Chamfer relief angles, degrees 5 E 5 5 
Number of lead threads. 3 à 4 4 
Number of flutes 4 4 3 3 





Fig. 12 jur through holes 

* Tolerance and finish specified 

ө Whether blind or through holes are being 
tapped 

@ Speed 

* Use or nonuse of lead control 

e Cutting fluid 


The following sections discuss the influence 
and control of these variables (except for lead 
control, which is discussed in the section 
“Machines and Accessories" in this article). 














Metal Compo: 
and Hardness 

A metal is seldom selected for its machin- 
ability alone. However. a change of materi- 
al may increase productivity and decrease 
cost without sacrificing the required prop- 
erties. The simplest change is that from a 
specific alloy to a free-machining counter- 
part. Invariably. the tapping of free-machin- 
ing grades results in more accurate threads 
of better finish at higher production rates 
and lower cost than the tapping of nonfree- 








Effect of hardness on the tapping of carbon and low-alloy steel. (a) 4-28 UNF through holes, (b) 12-20 


machining grades that are otherwise similar 
in composition and hardness. 

Except for low-carbon steels that do not 
contain free-cutting additives, as well as 
certain other soft metals that form gummy, 
adherent chips in machining, hard metals 
are less readily tapped than soft metals. 
Figure 12 illustrates the usual effect of dif- 
ferences in work metal hardness on the 
tapping of carbon and low-alloy steels. In 
this test on the tapping of !4-28 and 4-20 
through holes in similar low-alloy steels 
with M10 high-speed steel tools, the cost for 
tapping at a hardness of 52 HRC was about 
30 times that at 15 HRC: for tapping at à 
hardness of 47 HRC, about 6 tim 

Under the conditions of this test, tap life 
increased with an increase in hole diameter 
on the basis of volume of metal removed, 
but decreased on the basis of number of 
holes per grind. Tapping cost for the 6.4 mm 
(и in.) diam holes was three times that for 
the 13 mm (/ in.) diam holes on the basis of 
volume of metal removed, but was only 









Table 2 Recommended practice for tapping steels in three ranges of 








hardness 
P Hardiness of siec tapped, HRE — —- 
Process variable sw ж-о. 40-55 
Tap design ..... Standard Modified standard, Speciala) 
or speciala) 
"Tap тшегш) TI. MI, M7. MIO M2, M3 TIS, МЭ, МЭЭ, M42 
‘Tap hardness. minimum. .. 62 HRC 64 HRC 66 HRC 
Surface treatment of tap . Steam oxidete) Nitride plus steam Nitride plus steam 
oxide oxide 
Percentage of full thread . 15% 0% 55% 
Speed. mimin (хіт) . M max (100 max) 6-14 (20-45) 0.15-3.0 (5-10) 


Cutting oil Sulfurized 


Sulfurized and highly 
chlorinated 


Sulfurized and 
chlorinated 


(a) Special tap should have tour Mutes, Y" (positive) hook angle. thread relief. and 3 to 4 thread chamfer. (b) High-speed steels similar 
in total alloy content to steels listed can be substituted. (c) Or other oxidizing process; see the section "Surface Treatment of Tap in 
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slightly greater on а per-hole basis. Machin- 
ing and tool details are given in Fig. 12. 

A tap manufacturer conducted a series of 
tests on 11 steels that ranged in hardness 
from 5 to 55 HRC to determine the effect of 
hardness on tapping. Data obtained in these 
tests were used as the basis for the recom- 
mendations given in Table 2. 

As indicated in Table 2, taps made of 
general-purpose high-speed steels are usu- 
ally the most economical when the hardness 
of the metal being tapped does not exceed 
30 or HRC: as workpiece hardness in- 
creases above this level, one of the more 
highly alloyed high-speed steels is usually 
selected, Table 2 also indicates that tap 
design is more critical when high-hardness 
steels are being tapped. 

A difference in work metal composition 
can affect requirements for hole preparation 
before tapping. For example, when tapping 
aluminum, accuracy and thread finish can 
usually be improved by reaming after drill- 
ing, but in tapping carbon, alloy, or stain- 
less steel, reaming is seldom needed. 














Workpiece Size and Shape 

‘The size and shape of the workpiece must 
be considered in establishing tapping proce- 
dures. Tapping problems are more likely to 
be encountered with workpieces that are 
too weak or flimsy to withstand normal 
tapping forces, This inability can result in a 
loss of dimensional control or even in dam- 
age to the workpiece. The example that 
follows describes procedures that have 
been successful for tapping tubular work- 
pieces with a wall 6.0 mm (19% in.) thick. 

Example 3: Tapping Seam-Welded 
Tubing. An cight-station vertical tapping ma- 
chine and six-flute solid taps were used for 
cutting 2-112 NPSC threads through 54 mm 
(2% in.) lengths of seam-welded 1020 steel 
tubing (wall thickness: 6.0 mm, or 6 in.) for 
use as steam-pipe couplings. As shown in Fig. 
13, the workpieces were held in air chucks. 
After each piece had been tapped, it was 
automatically pushed up the long shank of the 
tap by the next piece, until the shank was 
filled, at which time the workpieces were 





unloaded. The eight stations were synchro- 
nized to permit one-man operation. 

Solid taps were used in preference to 
collapsible taps because the variation from 
true roundness of the inside diameter, 10- 
gether with the seam, required that the tap 
provide some reaming action in addition to 
cutting the threads. Tap details and operat- 
ing conditions are included in Fig. 13. 


Size, Pitch, and 
Percentage of Thread 

Thread size and pitch and the percentage 
of full depth to which the threads are cut 
determine the metal removed in any tapping 
operation and have a large effect on effi- 
ciency and tap life. As the size of thread 
increases, the amount of metal removed 
increases in approximate proportion to the 
hole diameter (assuming that other factors 
remain constant). As the thread becomes 
coarser, the amount of metal removed in 
tapping increases for any thread diameter 
and percentage of thread. 

Percentage of thread is half the difference 
between the basic major diameter and the 
actual minor diameter of an internal thread, 
divided by the basic thread height and ex- 
pressed in percent. As the percentage of 
thread increases, the amount of metal re- 
moved will increase for any thread pitch 
and size. 

Example 4: Effect of Increase in Per- 
centage of Thread on Speed, Production 
Rate, and Tap Life. Two-flute spiral-point 
taps with a 15° chamfer were used in a 
two-spindle tapping machine for cutting 8- 
36 UNF-2B threads in through holes in 
low-carbon steel plate 2.84 mm (0.112 in.) 
thick. Speed, production rate, and tap life 
for tapping these holes to 55 and 78% of full 
thread depth were as follows: 
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Completed sies. 
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Tap details 

Material MI high-speed steel 
Number of flutes 6 

Overall length, mm tin.) 2 38015) 

Chamfer length. mm (in.) 214 0) 


Chamfer angles (double) 10° 15° and 4° 367 
‘Operating conditions 


Speed. at 80 revimin, mimin 








їмїтї) 15 (50) 
Cutting fluid . Sulfurized oil 
Tap life per grind, ре 1200 
Production rate, piecesvh 80 
Workpiece hardness, HRB 75-80 





Fig. 13 tapping of seam-welded couplings 


Accuracy and Finish 

Conditions that cause dimensional varia- 
tion in tapped threads also cause rough 
finish on the threads. Among these condi- 
tions are lack of concentricity between the 
tap holder and the spindle, worn taps, en- 
trapment of chips in the tapped hole, and 
chip buildup on cutting edges and flanks of 








y of Holder and Spindle. 
New taps are seldom responsible for poor 
threads. However, even a new tap is no 
more accurate than the combined eccentric- 
ity of the holder and rotating spindle. The 
eccentricity of these rotating members will 
cause the tapped holes to be oversize. 

Condition of Taps. Worn taps are a major 
source of dimensional variation in tapped 
holes or of poor finish on threads or both. 
As the cutting edges of a tap become dull, 
the chips produced are torn, rather than cut 
or shaved. Improperly sharpened taps, or 
taps with the wrong cutting-edge angles, 
will have a similar adverse effect on thread 
finish. 

Chip Entrapment. Most taps have relief 
ground on the trailing part of the lands, 
which provides space between the heel of 
the tap and the cut threads. When the tap is 
backed out of the threaded hole, this space 
admits fine particles or chips between the 
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tap and the workpiece, and they press 
against the thread flanks as the tap reverses, 
resulting in galled thread flanks, broken 
taps, or both. 

Collapsible taps eliminate the entrapment 
of chips or particles. but they are impracti- 
cal for threads smaller than 30 mm (1/4 in.) 
in diameter and sometimes result in exces- 
sive variation of threads. In through holes. 
damage from chips during reversal can be 
substantially reduced by running the tap far 
enough to clear all threads in the chamfer 
and then flushing cutting fluid through the 
flutes to wash out all the chips before re- 
versing the tap for disengagement. 

Blind holes, however, do not permit this 
through-flushing. Therefore, taps used for 
threading blind holes should be designed so 
that they either lift the chips out of the hole. 
by the action of the flutes, or (if enough 
clearance can be provided at the bottom of 
the hole) push the chips ahead of the tap 
(see the section “Selection of Tap" in this 
article). When taps are used that lift chips 
out of the hole by the action of the flutes, it 
is sometimes helpful to direct a jet of cutting 
fluid down one flute at the end of the 
tapping cycle after the tap has stopped 
rotating. This forces the chips out the re- 
maining flutes. However, when using taps 
that force the chips down into a clearance, 
this practice is not recommended, Another 
aid to chip removal when tapping blind 
holes is the insertion of a soft wax plug in 
the hole before tapping. As the tap 
progresses down the hole, the wax picks up. 
chips and particles and carries them away 
as it is forced up the flutes of the tap. The 
wax also lubricates the tap. 

Chip buildup on the tap (adherence of 
work metal to the cutting edges) is a major 
cause of surface roughness. The buildup 
reduces the cutting efficiency of the tap and 
produces results similar to those obtained 
when tapping with a dull tap. Surface tr 
ments of the tap greatly assist in the preve: 
tion of chip buildup. Buildup can also be 
prevented or minimized by changing the 
cutting fluid or its method of application 
(see the section "Cutting Fluids" in this 
article). 

Lead-control tapping usually produces 
greater accuracy in tapped holes than man- 
ual control of the tap feed. Sometimes. 
however, the required control of dimen- 
sions or finish (or both) can be obtained 
only by reaming drilled holes beforc tap- 
ping. 























Tapping Blind Holes 

In tapping blind holes, as the distance. or 
clearance, between the last full thread and 
the bottom of the hole decreases, the cham- 
fer length of the tap used must be reduced. 
With shorter-chamfer taps, however. the 
cutting load is borne by fewer teeth. and the 
chips produced are larger and coarser and, 
consequently, more difficult to expel. 


Moreover, as the clearance decreases, there 
is less room for chips that precede the tap. 
If more chips enter the clearance space than 
can be accommodated, they will be com- 
pressed by the advancing tap. which may 
cause tap breakage, hole damage, or both. 

Selection of Tap. Standard hand taps 
with straight flutes are seldom used for 
blind-hole tapping. When there is enough 
clearance for the chips at the bottom of the 
hole, spiral-point straight-flute taps (Fig. 
4b) are commonly used because they drive 
the chips ahead of the tap. When clearance 
at the bottom of the hole is insufficient for 
. spiral-flute taps (Fig. 4c). with а 
flute lead angle of 30 to re used. 

l'aper-chamfer taps (Fig. 3a) are seldom 
used for the complete tapping of blind 
holes, because of the large clearance re- 
quired for their 7 to 9 thread chamfer. 
Plug-chamfer taps (Fig. 3b) more com- 
monly used because they offer a compro- 
mise between the ideal load distribution of 
the taper chamfer and the high load concen- 
tration of bottoming-chamfer taps (Fig. 3c) 
The most common practice is to drill the 
hole deeper by a distance of at least five 
threads more than must be tapped and then 
tap with a plug-chamfer tap. 

‘Tapping to the bottom of a blind hale is 
slow and expensive because it invariably 
involves some hand tapping. However, 
when blind holes must be threaded to the 
bottom (for example, when creating seals 
for pressures of 28 MPa. or 4 ksi, or more). 
the common practice in high-volume pro- 
duction involves the use of a lead-screw 
tapping unit with a precision lead screw and 
nut. Depth can be held to 13 mm 
(+0.005 in.) with this method. and proper 
tool setting is essential to ensure proper 
holes. For low-volume production. the 
practice most commonly employed is as 
follows: 
































* Machine-tap as far as possible, using a 
plug-cl fer tap. In many cases, it is 
more economical to start the hole with a 
taper-chamfer tap, thus minimizing the 
amount of metal that will later be re- 
moved by taps having shorter chamfers 

e Hand tap, using a standard bottoming- 
chamfer tap. which can produce threads 
within | to 17 threads from the bottom 

© If required, hand tap with a special min- 
imum-chamfer (—0.25 mm. or 0.010 in.) 
tap, which can tap one thread or less from 
the bottom 





Speed 

Table 3 lists nominal speeds for tapping 
carbon and low-alloy steels. It shows that 
work metal hardness has a great effect on 
the speed used. Similar tables for tapping 
other metals will be found in separate arti- 
cles in this Volume that deal with the ma- 
chining of specific metals. The direction in 





which to modify tapping speed for various 
conditions is as follows: 


@ As hole length incre speed must 
decrease because of chip accumulation 

е In short holes. taps with long chamfers 

n run faster than taps with short cham- 

fers 

aps with bottoming chamfers must run 
slower than taps with plug chamfers 

© As the percentage of thread being tapped 
increases. speed must decrease 

е As pitch becomes finer for a given hole 

size, lapping speed can increase 

With all other factors remaining equal. 

the cutting fluid, together with the 

amount used and the effectiveness of 

application, greatly influences optimum 

speed 











In tapping. feed is governed by the pitch 
of the thread being tapped: therefore. only 
speed can be adjusted. Optimum tapping 
speed is usually based on minimum cost per 
hole and is often a compromise between 
maximum tap life and maximum productiv- 
ity. Low speeds result in longer tap life, but 
if the speed is too low, work hardening of 
some alloys may occur. causing the tap to 
break or fuse to the part. Productivity will 
also be lower. 

A wide range of speeds can be success- 
fully used in tapping most metals. In tapping 
hard and otherwise difficult-to-machine al- 
loys, however. it is especially important to 
select cutting speed carefully for optimum 
results because the range of economical 
operating conditions is relatively narrow. 

Example 5: Effect of Speed on Produc- 
tivity and Tap Life. To determine ff 
of speed on tap life and production rate, 
three different speeds were used for tapping 
4-40 threads in through holes, 2.4 mm (%2 
in.) deep and 2.26 mm (0.089 in.) in diame- 
ter, in 1015 and 1018 steels at 100 to 125 HB. 
The taps used at all speeds were straight 
two-flute taps made of general-purpose 
high-speed steel. with 5* hook, 18° chamfer, 
and 5^ chamfer relief. Sulfurized mineral oil 
was used as the cutting fluid. Results were 
follows: 
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The greater tap life at 24 m/min (80 sfm) 
than at 12 m/min (41 sfm) may have resulted 
from slight variations in grinding the taps, 
or the slower speed of 12 m/min (41 sim) 
may have permitted chips to be trapped. 


Cutting Fluids 

A cutting fluid is more important in tap- 
ping than in most other machining opera- 
tions because tap teeth are more susceptible 
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Table 3 Nominal speeds for tapping carbon and low-alloy steels with 


high-speed steel taps 


М1, M7, and MIO high-speed steels are suitable for tapping carbon and low-alloy steel no harder than 375 HB; 


M3 and МАО, for steel of 375 HB and higher. 
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Typical steel a) Condition Hardness, HB 
1020 .. Annealed 85-125 7 55 
Annealed 125-175 м 45 
Annealed 175-225 R 40 
Annealed 225-275 9 30 
145... Annealed 125-175 a 45 
Annealed 175. 2 40 
Annealed 225-275 п 35 
Annealed 275-3 8 25 
Quenched and tempered 325-375 6 20 
Quenched and tempered 375-425 3 10 
112... Annealed 100-150 18 60 
Cold drawn 150-200 20 65 
1117 Annealed 100-150 15 50 
Cold drawn 150-200 7 55 
из... Annealed 15 50 
Quenched and tempered 5 n 35 
Quenched and tempered 325-375 6 20 
Quenched and tempered 375-425 3 10 
02114 Annealed 100-150 18 ө 
Annealed 150-200 17 55 
Annealed 200-250 14 45 
4140 «Annealed 175- Ш M 
Quenched and tempered 275-325 8 25 
Quenched and tempered 325-375 5 15 
Quenched and tempered 375-425 3 10 
414015 Annealed 150-200 Mu 45 
Quenched and tempered 275-325 8 25 
Quenched and tempered 375-425 3 10 
Quenched and tempered 45-48 HRC 2 7 
AILAO. . Annealed 150-200 14 45 
Quenched and tempered 275-325 6 20 
Quenched and tempered 325-375 5 15 
Quenched and tempered 45-48 HRC 2 7 
зо... Annealed 14 45 
Annealed n 40 
Cold drawn " 35 
Cold drawn. * 25 
Quenched and tempered 325-375 6 20 
Quenched and tempered 375-425 3 10 
à) Bach steel listed is a common grade in à group of similar steels. Source: Metcut Research Associates, Inc 





to damage from heat than are most other 
cutting tool surfaces and because chips are 
more likely to become congested in tapping 
than in operations in which the cutters are 
not surrounded by the work material. Cut- 
ting fluids are generally used in tapping all 
metals except cast iron. 

For tapping holes longer than about twice 
the diameter, or blind holes, in cast iron, a 
cutting fluid or an air blast is recommended. 
A weak emulsion of soluble oil in water (1 





part oil to 40 parts water) or plain water 
with a rust inhibitor have both been suc- 
cessful. 

The cutting fluids most commonly used 
for tapping various metals are listed in Ta- 
ble 4. Regardless of the type of cutting fluid 
used, application (conveying the fluid to the 
cutting areas) is important and is usually 
more difficult than in operations such as 
turning or milling. To ensure maximum ef- 
fectiveness, the cutting fluid should be di- 





Table 4 Cutting fluids commonly used in tapping various metals 

















Sulfurized Kerosene 
and plus Light 

Metal Sulfurized oil chlorinated oil ‘Soluble oil dard oil mineral oil Dry 

Bii НЕС secet Ж 

Steel, 30-40 НЕС... x 

Steel, 40-55 HRC - Ха) 

Stainless steel . x x - -- 

ray iron. A > - X6) Xb) 

Malleable or nodular iron ............ Х x - : 

‘Aluminum and alloys x x 

Copper and alloys. - le x x 

Heat-resistant alloys(c) ха) ха) Xid) 


(a) Highly chlorinated. (6) Dry tapping may cause chip congestion in deep or blind holes: for these, an air blast or a weak soluble-oil: 
Water emulsion (1 part oil to 40 parts water) is recommended. (c) Nickel or cobalt hase. (d) Some staining of the work may result from 
the use of sulfurized oils; when this is objectionable. kerosene plus lard eil can be used. 
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rected at the tap with sufficient pressure to 
force it down the flutes of the tap. Under 
extreme conditions, as in the tapping of. 
deep blind holes, the cutting fluid should be 
directed at the tap in two streams, one on 
each side of the tap and as nearly parallel as 
possible to the axis of the tap. 

Another important consideration is the 
removal of fine metal particles from recir- 
culated cutting fluid. This swarf, as it is 
called, is highly abrasive. Recirculated flu- 
ids should be screened or filtered. 

Sulfurized or chlorinated oils, used in- 
dividually or diluted with mineral oil, have 
proved satisfactory for many tapping appli- 
cations and are especially desirable for tap- 
ping most steels (including stainless steels) 
and difficult-to-machine metals such as 
heat-resistant alloys. Sulfurized or chlori- 
nated oil is usually lower in viscosity than a 
lard oil mixture, Therefore, waste by carry- 
out is reduced. Another advantage of sulfu- 
rized or chlorinated cutting oil is adjust- 
ability: that is, the oil can be used straight 
(for full effectiveness) or diluted with min- 
eral oil to lower the viscosity and cost 
without sacrificing the desirable effects of 
the additive-containing oil. When prior 
experience in a similar application is not 
available, it is advisable to begin a tapping 
operation with straight sulfurized oil and 
then to dilute it gradually until results ap- 
proach unacceptability in accuracy, finish, 
or tool life. 

The main disadvantage in the use of sul- 
furized or chlorinated oil is that the fluid 
will stain some metals—for example, many 
copper-base and nickel-base alloys. When 
staining is objectionable, a test should be 
made to determine the compatibility of the 
cutting oil and the work metal. 

Soluble-oil emulsions are inexpensive 
and serve adequately for cooling and flushing 
away chips, but are less effective than straight 
oils for preventing the adherence of tools to 
workpieces and preventing built-up edges. 
Soluble oil can be used without fear of stain- 
ing metals such as copper and aluminum. 
Most soluble oils contain an inhibitor to pre- 
vent the rusting of steel workpieces. 

Mineral oil blended with lard oil or other 
animal fats (usually 10 to 20%) is effective in 
preventing adherence of tool to work metal. 
Mineral oil can also be used on all metals 
without causing staining or rusting. Howev- 
er, it is less effective for cooling and flush- 
ing away chips than soluble oil emulsions. A 
marked disadvantage of mineral and lard oil 
mixtures is that, because of their relatively 
high viscosity and wetting characteristics, 
they cling tenaciously to chips. Thus, waste 
by carryout is higher than with less viscous 
fluids. 

Example 6: Reselection of Extreme 
Pressure (EP) Additive to Improve Tap 
Life. Annealed 1045 steel was tapped with 
12-13 UNC-2B threads, 16 mm (% in.) deep. 
A soluble oil with an EP additive was used 
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Fig. 
for the cutting fluid; however, tap life was 
not satisfactory. A change was made in the 
cutting fluid to a more active EP lubricant. 
Tap life increased 80%, and surface finish 
showed a substantial improvement. 





Torque for Tapping 


Torque demand for tapping generally dic- 
tates the size of machine, rigidity of tool 
holder, and type of workholding devices. 
Some of the factors that determine torque 
demand are: 


* Workpiece material and hardness 
* Tap design 

* Surface speed 

* Percentage of full thread 

* Method of grinding the tap 

* Cutting fluid 


Workpiece Hardness. One company pro- 
ducing threaded nuts in large quantities 
conducted a series of tests to evaluate the 
effect of hardness of the steel workpiece on 
torque. The procedure and results are given 
in the following example. 

Example 7: Effect of Hardness of Steel 
Workpiece on Torque. An automatic nut 
tapper was used to produce 7-14 UNF-2B 
threads, 73% of full depth, in pierced nuts of 
1041 steel. The diameter of the pierced hole 
was 20.52/20.47 mm (0.808/0.806 in.). Nuts 
were sorted to obtain one lot that had 
hardness values of 20 HRC or less and a 
second lot that was 25 HRC or slightly less. 
Three additional lots were prepared by heat 
treating nuts to obtain hardness ranges of 30 
to 31, 34 to 35, and 43 to 45 HRC. All five 
lots of nuts were tapped in the same way. 
‘Torque was measured and recorded; results 
are plotted in Fig. 14. 

Workpiece Composition. Figures 15 to 
18 show that work metal composition also 
has a marked effect on torque. Gray iron 
shows the lowest torque for all conditions, 
and 1020 steel shows the highest of the three 
ferrous metals tested. This suggests that the 
more stringy chip characteristic of 1020 
steel has a significant adverse effect on 
torque. 

Tap Design. The data in Fig. 15 indicate 
only a small difference in torque between 
spiral-point and straight-flute taps for tap- 
ping O6 tool steel. However, when tapping 
1020 steel, torque for the straight flute, 
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Fig. 15 Efe of work metal, top design, and 
g. speed on torque. Data were obtained in 
cutting 28-16 UNC-28 threads, to 75% of full depth, 
through 14 mm (s in.) stock, with high-speed steel tops 
(hook angle: 4° 30^), using sulfurized ой as cutting fluid. 


plug-chamfer tap exceeds that for the spiral 
point by a factor of about three. 

Figure 17 shows that there is essentially 
no difference in torque between 4/4 and 11° 
hook angles when tapping gray iron and that 
there is only a small difference in tapping 
06 tool steel. However, when 1020 steel is 
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Fig. 16 Efect of work metal and speed on torque 
g. in taper topping. Data were obtained with 
Ve-27 NPT high-speed steel tops for cutting threads in 
%1 mm (0.339 in.) deep. straight reamed holes to доде 
line. Sulfurized oil was used as cutting fluid. 





being tapped, the 11° hook angle shows less 
torque than the 412° hook angle by amounts 
varying from 10 to 50%, other factors re- 
maining unchanged. 

Surface speed has only a minor effect on 
torque for tapping any of the three materi- 
als, as indicated by the data shown in Fig. 
15 and 16. 

Percentage of full thread tapped has a 
marked influence on torque requirements 
(Fig. 17) because more metal is removed in 
producing full threads. 

Grinding the Taps. Small differences in 
the grinding of tap chamfers have often 
proved to be a major variable that causes 
large differences in tap life and other re- 
sults. Three methods of grinding tap cham- 
fers were included as part of the investiga- 
tion of factors influencing torque. Results 
(Fig. 18) show that taps ground in an auto- 
matic chamfer grinder require less torque, 
regardless of the metal being tapped. 

Cutting fluid influences torque, as indi- 
cated in Fig. 19. Even with cast iron, which 
is commonly tapped without a cutting fluid, 
it is apparent that torque is reduced a small 
amount by using an air blast and more by 
using liquids. 

Rigidity of the tap was suspected of 
affecting torque, and gray iron was tapped 
using both full-floating and rigid types of 
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Fig. 17 Effect of work metal, hook angle of top, 
ig. and of full thread on torque. 
Speed. 18 m/min (60 sfm); other conditions, same оз for 
Fig, 15. 
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Fi: 18 Effect of method of grinding tap chamfer 

g- on torque for tapping workpieces of three 


different metals. Speed: 18 m/min (60 sfm); other condi- 
tions, same as for Fig. 15. 
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Effect of type of cutting fluid on torque 
required for tapping gray iron. Speed: 18 


Fig. 19 


mímin (60 sfm); other conditions, same as for Fig. 15. 


tool holders. Results (Fig. 20) indicate that 
misalignment of the tap, which cannot be 
entirely avoided when a rigid holder is used, 
does increase tapping torque. 


Tapping of 
Taper Pipe Threads 


Cutting taper pipe threads with taps does 
not differ greatly from tapping machine 
threads. However, because standard taper 
pipe threads (NPT) are designed to provide 
pressure-tight seals, they require closer 
control in tapping than do thread forms for 
which 75% of full thread is acceptable. In 
addition, in tapping taper pipe threads, 
more teeth are cutting at one time than in 
tapping straight threads; consequently, pipe 
thread tapping requires more power than 
straight thread tapping, size for size. In onc. 
case, it was determined by tests that 1.44 
kW (1.93 hp) was required to tap а Y-18 
NPS straight thread, while 1.60 kW (2.14 
hp) was required to tap a %-18 NPT taper 
pipe thread. 

Machines used for cutting taper pipe 
threads are usually the same as those used 
for other types of tapping. Positive lead 
control is desirable for optimum results in 
taper thread tapping because all tap teeth 
are cutting at one time. 

Tools. Solid taps for cutting taper pipe 
threads are of the same two general types as 
for tapping straight threads: nonadjustable 
and adjustable. Solid, nonadjustable taps 
are used for the smaller size where adjust- 
able or collapsible taps would not be prac- 
tical. 

Adjustable solid taps have removable 
chasers that can be adjusted for pitch diam- 
eter and reground or separately replaced 
when worn. When close control of pitch line 
taper is required with heavy stock removal, 
the adjustable solid tap is preferred. Manu- 
facturers of pipe fittings use adjustable solid 
taps to cut taper pipe threads in gray iron 
and malleable iron fittings without prior 
machining of the as-cast diameters. 

Collapsible taps permit the individual cut- 
ting components to be retracted from the 
work automatically when the thread is com- 
pleted and withdrawn without reversing the 
direction of rotation. Automatic collapsible 
taps permit shorter machine cycles by elim- 
inating the backing-out time, and they also 
increase tool life because cutting edges are 
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Fig. 20 Effect of method of holding tap on torque 
g. required for topping gray iron. Speed: 18 
m/min (60 sfm); no cutting fluid; other conditions, same as 
for Fig. 15. 


not dragged back over the previously cut 
threads. Disadvantages of collapsible taps 
in comparison with solid adjustable taps are 
higher ini cost, greater susceptibility to 
fouling from swarf-contaminated cutting 
fluids, and increased maintenance. 

Stop Lines. The prescribed taper in pipe 
threads is 62 mm/m (Y^ in./ft). Therefore, 
cach successive tooth cuts a progressively 
larger diameter in the hole as the tap ad- 
vances. Because cach tooth is cutting at the 
instant of tap reversal, a stop line remains 
on the thread surface. 

Some thread specifications do not per- 
mit stop lines. In addition, when solid taps 
are used, cutting edges must be reversed 
over these stop lines, which creates an 
abrasive action that causes excessive tap 
wear. The severity of the stop lines can be 
reduced by increasing the number of flutes 
in the tap. However, for the complete 
elimination of stop lines, a collapsible tap 
is required. 
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In general. stop lines are more pro- 
nounced the more ductile the work meta 
As stop lines increase in severity, proble: 
of thread quality and tool damage also in- 
crease. 

Speed is usually 20 to 30% lower for pipe 
tapping than for the cutting of machine 
threads because more teeth are cutting dur- 
ing pipe tapping. However, in some shops, 
little or no distinction is made between 
machine and pipe threads in determining 
tapping speed. Also, in some shops, the 
same speed is used regardless of thread 
pitch. Figure 16 shows the influence of 
speed of tapping on torque. 

Thread quality does not necessarily in- 
crease as speed is decreased. Rough and 
torn threads often result from speeds that 
are too slow. Excessive speeds always de- 
crease tool life. 

Cutting fluids recommended for pipe 
tapping are the same as those used for the 
cutting of machine threads. A constant sup- 
ply of fluid to the cutting area is generally 
more important in pipe threading than in 
cutting machine threads because more cut- 
ting teeth are engaged at one time in pipe 
threading. In addition, because of the acci 
racy required in pipe threads and the greater. 
amount of cutting that is being done at one 
time, susceptibility to thread damage from 
swarf-contaminated cutting fluids is greater 
in pipe threading. Damage from this source 
can be prevented by filtering the cutting 
fluid. 















Appendix: Cold Form Tapping 


Thomas W. McClure, Balax Inc. 





Forming taps are gaining in popularity 
throughout industry because of their elimi- 
nation of chips, reduced tap breakage, and 
improvement in part quality. Forming taps 
and cutting taps both create 60° threads that 
are interchangeable. 

Cold forming taps produce internal 
threads by an action similar to thread roll- 
ing; metal is displaced rather than removed. 
The thread form is produced by a tool such 
às the one shown in Fig. This tool has 
neither flutes nor cutting edges, but the end 
view (at right, Fig. 21) shows that both the 
major and minor diameters have lobes that 
displace the work metal as either the tap or 
the workpiece is rotated. 

These lobes are smaller in diameter at the 
chamfer, or lead portion, of the tap. The 
diameter at the chamfer of the tap is sized 
so that the tap freely enters the pretap hole 
and starts on center. From there, the lobes 
gradually increase in diameter until they 
reach the major diameter of the thread that 
is to be produced by the tap. 











E a © 


co vc 


i Cold forming tap showing the irregular 
Fig. 21 со C which the tap displaces the 
work metal when rotate 


Because of the taper leading to the re- 
duced diameter at the chamfer portion of a 
forming tap, it is impossible to have both 
the tap crests and tap roots exactly on pitch 
without distorting the 60° thread form (Fig. 
22). Taps that are ground with leading crest 
accuracy are referred to as balanced axially. 
This process has a major advantage: It 
reduces tapping torque because the crests 
of the tap body follow exactly in the path of 
the lead crests. A noncorrected tap must 
perform double duty. The off-pitch lead 
crests on the chamfer form the thread. 
These lead crests must then be moved axi- 
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ally after they are completely formed to get 
into pitch with the thread on the cylinder 
portion of the tap. This requires as much as 
30% more torque to accomplish and causes 
premature wear on the tap flanks, which 
reduces tap life. 

Machine-screw-size and fine-pitch small 
fractional taps with lead geometry correc- 
tion do not usually require significantly larg- 
er tapping torques than cutting taps. Larger 
fractional size taps with coarse pitches may 
require substantially more torque than a 
cutting tap. depending on the material being 
tapped. 

Most forming taps have a narrow longitu- 
dinal groove that performs two separate 
functions, neither of which has to do with 
removing material. Primarily, the groove 








Cold forming taps. (a) Ground with leading crest accuracy (balanced axially). Crests are on pitch. (b) 
Other cold forming taps produce crests off pitch. 


allows trapped air and lubricant to escape to 
prevent hydraulic locking and bottom blow- 
out when tapping blind holes. Secondarily, 
the groove provides a path for the distribu- 
tion of lubrication. 

In general. materials that produce 
stringy chips are ideal for thread forming. 
Materials that produce powdery chips are 
usually too brittle. More specific guide- 
lines are that any metal having an elonga- 
tion of at least 12% in 50 mm (2 in.) and a 
yield strength below 480 MPa (70 ksi) is 
readily cold form tapped. If the thread 
pitch is 20 threads per 25 mm (20 threads 
per | in.) or finer, the metal can have an 
elongation below 12% in 50 mm (2 in.) or a 
yield strength of more than 480 MPa (70 
ksi) and still be cold formed. 


Table 5 Surface treatments and lubrication for cold forming taps 





Material category Material type. 


Tap treatment Recommended lubrication 





Soft... .. Aluminum (plate or 
wrought), diecast, 


zine, brass 





Soft and abrasive . - Diecast aluminum 
Copper 


Intermediate hardness. Low-carbon steel 


300-series stainless steel 


Alloyed steels. 400-series 
stainless steel 


Hard materials 


Water soluble 5:1 or 
light tapping oil 


Bright finish for most 
applications. or add 
hard chromium for tap 
wear and lubricity 

Nitride Water soluble 5:1 or 
light tapping oil 

Water soluble 5:1 or 

light tapping oil 

EP-rated tapping oil 
with high sulfur and 
high chlorine 

EP-rated tapping oil 
with high sulfur and 
high chlorine 

EP-rated t; il 
with high sulfur and 
high chlorine 





Balwear or nitride/balwear 





Nitride or super titanium 
nitride. 


Nitride/steam oxide or 
super titanium nitride 









Nitride/steam oxide or 
super titanium nitride 








Examples of very good materials for cold 
forming include aluminum, brass, copper, 
lead, and zinc. Forming taps have typically 
been limited to small or medium-size blind 
holes in these very ductile materials. How- 
cver, recent acceptance of forming tap tech- 
nology has shown a number of extremely 
successful applications in larger holes and 
harder materials. Forming taps are suitable 
for both blind and through holes in low- 
carbon steel, leaded steel, and 300-series 
stainless steel. The most common example 
of a material a forming tap cannot handle is 
cast iron. 

Surface treatments can prolong tap life by 
improving tap hardness and lubricity. A 
number of treatments are available: 





е Nitriding hardens the tap surface to resist 

wear and pickup; it is commonly used for 

ferrous alloys and aluminum dic castings 

containing silicon 

Steam oxide assists in lubrication; it is 

good for ferrous alloys, particularly when 

long or deep holes are involved 

e Baked-on chromium plating resists abra- 
sion and prevents pickup: it is well suited 
to high-copper alloys 

ө Hard chromium plating resists abrasion 

and pickup: it is used for low-copper 

alloys 

Soft chromium functions as a lubricant 

for ferrous alloys 

Titanium-nitride improves tap lubricity 

and wear resistance, especially in appli- 

cations where water-soluble coolants 

must be used 








Recommended surface treatments and tap 
lubricants for a variety of metals are listed 
in Table 5. 

Plug-style or bottom-style cold forming 
taps are available. A plug-style tap has 3 
to 4 threads in the tapered lead, and à 
bottom-style tap has 1% to 2 threads in the 
tapered lead. 

The plug style is often used for through 
holes and will generally outlast a bottom- 
style tap because it distributes the cold 
working process over a greater number of 
forming lobes. The bottom-style tap is used 
for bottoming or blind holes. Because it 
forms a thread more rapidly and in a shorter 
distance than a plug-style tap, it is better 
suited to work-hardening metals such as 
stainless steel. A special single-thread lead- 
style tap is also available and should be 
used when the clearance at the bottom of 
the hole is limited. 

]t is best to specify the largest practical 
H-number for a forming tap (the H-number 
describes the amount by which the tap pitch 
diameter exceeds the basic pitch diameter 
of the thread). This will provide the maxi- 
mum allowance for wear and the best (loos- 
est) thread gaging. Suggested H-numbers 
for forming taps are normally two or three 
H-numbers larger than H-numbers for cut- 
ting taps because of spring-back and also 





because forming taps. unlike cutting taps. 
are not likely to produce oversize thrcad: 
The H-number recommended for a forming 
lap is different for each size of thread and 
class of fit, and it can be determined by 
consulting the tap manufacturer. 

The advantages of cold form tapping are 
ємїрї tapping. longer tap life. stronger 
taps, faster tapping speeds. stronger 
threads, and better thread gaging. 

Chipless Tapping. The primary advan- 
tage of cold form tapping is that no chips are 
produced, is especially desirable in the 
tapping of blind holes. 

In one case, during the conventional tap- 
ping of aluminum, chips in the bottom of 13 
mm (% in.) deep holes (4-40 UNC-2B 
threads to 9.5 mm, or *& in., depth) caused 
rejection of 30 000 pieces. A secondary 
operation was needed to remove the chips. 
Acceptable threads were obtained by the 
cold form tapping of subsequent lots. 

In another application, blind holes were 
being tapped in aluminum die castings, us- 
ing a two-flute spiral-point tap. Removing 
the chips required 16 man-hours per 1000 
parts. A change to cold forming eliminated 
the need for chip removal. In this operation, 
tool life averaged 9750 holes per tap. 

Longer Tap Life. Cutting taps have cut- 
ting edges that dull with use. The lobes on 
forming taps have much more wear surface 
to produce the thread because their function 
is to displace metal rather than cut it. This 
difference in function and design enables 
forming taps to last up to 15 times longer 
than cutting taps. 

Stronger Taps. A forming tap is stronger 
than the same size cutting tap because it has 
no flutes to weaken the overall structure. 
This becomes especially important in small 
taps in which flutes substantially reduce the 
core diameter of a cutting tap. 

Faster Tapping Speeds. A forming tap 
uses lobes and does not concentrate all of 
its threading action on several narrow cut- 























ting edges. In addition, the absence of chips 
minimizes drag, enhances lubrication, and 
leads to a lower heat buildup, w! 
faster tapping speeds possible. 








Recom- 
mended forming tap speeds are |'^ to 2 





times faster than cutting tap speeds, if the 
work is done in pitches of 20 threads per 25 
mm (20 threads per | in.) or finer. 

Stronger Threads. In work-hardening ma- 
terials such as steel and stainless steel, the 
grain flow of formed threads follows the 
thread contour, result in greater 
strength. In stampings, in which the thread 
section is very thin, the added strength of 
the work-hardened material can be a major 
improvement to the integrity of the finished 
part. Pull-test studies and fatigue testing 
have verified the superiority of formed 
threads in materials that work harden. 

Better Thread Gaging. Because a forming 
ap merely rearranges metal instead of cut- 
ting and removing it, it is much less likely to 
form oversize threads. The flanks of the 
finished thread are burnished and provide 
very smooth thread gaging. 

Forming taps have very successfully 
tapped small fine-pitch threads such as 0-80, 
2-56, and 4-40 in materials as hard as 25 to 
30 HRC. The results have been superior to 
those for cutting taps for deep blind holes, 
in which chip binding, combined with the 
inherent weakness of cutting taps, has re- 
sulted in poor cutting tap life. Forming taps 
with 10 to 20 threads per 25 mm (10 to 20 
threads per 1 in.) are effective in 25 to 38 
mm (1 to 1 in.) thread sizes in materials 
with hardnesses of 16 to 20 HRC. Top 
performance can be enhanced by additional 
lubrication grooves, surface treatments, ax- 
ial oil holes, and the use of special tool 
steels. 

Processing. Cold form tapping can be 
done in almost any machine used for con- 
ventional tapping. Because the lead-forming 
lobes create their own lead, a forming tap 
does not necessarily require a lead screw. If 
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a lead screw is used and is slightly loose or 
inaccurate, it may cause detrimental axial 
forces on the tap unless a tension/compres- 
sion tap holder is used. Floating tapping 
heads are also recommended to eliminate 
tap-to-hole misalignment. 

Because the metal is displaced as in 
thread rolling. the tap drill must be larger 
than for conventional tapping. Pretap hole 
size control is more critical with a cold 
forming tap than with a cutting tap. This can 
be seen in smaller sizes, such as a 2-56 tap 
in which 0.05 mm (0.002 in.) change in 
pretap hole size will cause the finished 
thread to vary from 55 to 75% thread height. 
After tapping. minor diameters should be 
checked with pin gages to verify confor- 
mance with specifications. 

Lubricants. A forming tap does not gen- 
erate heat the way a cutting tap does. The 
forming tap dissipates heat into the tap body 
and into the part being tapped. As a result, 
the primary consideration in using a forming 
lap is to reduce the friction between the tap 
and the part. 

Sulfurized and chlorinated oils are pre- 
ferred for cold form tapping. Other fluids 
commonly used for metal cutting operations 
cause galling and tearing of the threads. 

The preferred lubrication is an EP-rated 
heavy-base oil with high sulfur and chlorine 
levels. Oil-base drawing oils for the stamp- 
ing industry are designed for lubricity and 
may also be excellent tap lubricants. 

Water-soluble coolants can be used in 
softer materials such as aluminum and cop- 
per, but need to be increased in strength or 
concentration to maximize lubricity. Water- 
soluble drawing compounds have provided 
excellent results in nonferrous applications. 

A common mistake is to lubricate the tap 
but not the hole being tapped. If the hole is 
dry, the initial threads being formed tend to 
wipe off the tap, causing the tap to run dry 
at the bottom of the hole. The hole being 
tapped should be flooded with lubricant. 











THREAD MILLING is a method of cut- 
ting screw threads with a milling cutter in a 
thread mill. Thread milling cutters are either 
single form (Fig. 1) or multiple form (Fig. 2) 
and are used in either conventional or plan- 
etary thread mills, Screw threads cut by 
thread milling can have pitch diameters that 
are accurate within 0.025 mm (0.001 in.), 
surfaces smooth within 1.40 шт (55 pin.) 
and accurate within 0.8 mm/m (0.001 in./ft 
and spacing (of multiple-start threads) ai 
rate within 0.010 mm (0.0004 in.). 

Thread mills are usually ramped at a 20° 
angle when entering the cut (Fig. 3). This 
reduces the chance of leaving tool marks on 
the thread flanks, while also ensuring full 
thread depth around the entire part. 

Applications of thread milling are varied. 
A thread mill can cut internal or external 
threads and, in some work, can cut both 
internal and external threads at the same 
time. The workpiece may be fixed or rotat- 
ing, making thread mills competitive with 
lathes and with machines that use taps and 
dies to cut threads. 

The main reasons for choosing thread 
milling over other thread-cutting methods 
are: 





ө Thread milling makes a smoother and 
more accurate thread than a tap or die 
© Thread milling is more efficient than us- 

ing a single-point tool in a lathe 
ө The desired thread has too coarse a pitch 
for cutting with a die 


Swivel head is pivoted to 
the thread helix angle а 


Swivel center of 

cutter head and 

^ center o cutter 
torm 
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А Milling a worm thread using о single-form 
Fig. 1 

9. 1 снег. Relative rotation of the cutter and 
workpiece illustrate conventional milling 





Thread Milling 


* The desired thread is near a shoulder or 
other interference, making thread milling 
the most practical method 


Thread Milling Machines 


Conventional (up-thread) milling can be 
done on all types of thread millers, but some 
models are also designed for climb (down- 
thread) milling. In climb milling, the relative 
rotation of the work and the cutter is similar 
to that of a pair of mating gears. Figure 1 
illustrates conventional milling with a sin- 
gle-form cutter. 

Thread milling machines can be either 
planetary or conventional machines. In 
planetary machines the workpiece does not 
rotate, while in conventional machines the 
workpiece does rotate. Conventional mill- 
ing machines are either universal or produc- 
tion machines. 

Universal thread mills have a lead screw 
and can cut all internal or external threads, 
with the exception of square threads. Change 

















2 (9) External and (b) internal thread milling 


Fig. 2 шуо о mltiple-form cutter 


gears permit the milling of threads with leads 
of 0.8 to 1520 mm (2 to 60 in.). Pick-off gears 
in the cutter drive provide a wide range of 
speeds. The cutter head, on the cross slide, 
can be set at the proper angle for any right- 
hand or left-hand thread helix. A single-form 
cutter must be set at such an angle, and then 
must traverse the length of the thread. 

Production thread mills are semiauto- 
matic; the work is plunged into the nontravel- 
ing, rotating cutter by a cam. The work- 
piece rotates 1.10 revolutions, then backs 
out of the cut, and the machine stops auto- 
matically for unloading and loading. 

Production thread mills use a master 
screw and stationary segment instead of a 
lead screw. The master screw and segment 
must be changed for each ge in pitch or 
lead. A no-lead attachment is used for mill- 
ing annular grooves, 

Planetary thread mills are used to 
thread odd-shape parts difficult to chuck 
(but are not used to thread long pieces, such 
as lead screws), The work is clamped in a 
fixture, and the workpiece does not rotate 
during cutting. Only the cutter moves, 
rotating on its axis, revolving around the 











Ramping of threod mills. A is the storting 
point of infeed contact, B is the end of infeed 
with the cutter at depth, B to C is the overlap cut after a 
full 360° revolution, C is the starting point of outfeed, 
and D is the end of cutter engagement with the thread. 


Fig. 3 



































Table 1 Nominal speeds and feeds for thread mi ing with high-speed 
steel tools 
Hardness, Г Speed 1 Т — Feed — 1 
Work material HB mimin sim С in tooth 
Plain carbon steels such as 1020 ,, 85-125 3 100 0.05 0.002 
125-175 37 120 0.05 0,002 
30 100 0.05 0.002 
24 80 0.04 0.0015 
2 70 0.025 0.001 
Free-machining carbon steels 
such as 1112... 52 170 0.05 0.002 
55 180 0.05 0.002 
38 125 0.05 0.002 
275-325 30 100 0.025 0.001 
Alloy steels such as 4140... 125-175 м no 0.05 0.002 
27 90 0.05 0.002 
21 70 0.04 0.0015 
20 65 0.025 0.001 
Free-machining alloy steels 
such as 41140 ............,... 150-200 49 160 0.05 0.002 
200-250 40 130 0.002 
275-325 24 80 0.025 0.001 
Ferritic stainless... 135-185 м по 005 0.002 
Austenitic stainless. itype 304) 135-185 27 90 0.05 0.002 
225-275 24 80 0.04 0.0015 
Free-machining austenitic 
(type 303) ..... Tus. С. т. № 100 0.05 0.002 
275 7 ° 0.04 0.0015 
Martensitic stainless such as 
type 403............. 135-185 M по 005 0.002 
185-225 30 100 0.05 0.002 
275-325 18 60 0.025 0.001 
Free-machining martensitic 
Such as type 416........ 135-185 46 150 0.05 0.002 
185-240 al ns 0.05 0.002 
275-325 n 75 0.025 0.001 
Precipitation-hardening 
stainless (17-4 PH) ............ 150-200 2 70 0.05 0.002 
275-325 18 6 0.025 0.001 
ц 45 0.025 0001 








Table 2 Suggested cutting speeds for high-speed steel thread milling 
cutters 

















Conventional milling — — Climb milling — 

Material mild m Р mimin am 1 
Cast irons(a)......, 35-533 110-175 38.1-61 125-200 
Steels, HB 

Up to 24............ vere 335457 110-150 76-91 250-300 

240-300, зрео ато DARE 80-90. 48.8-53.3 160-175 

300-375... 40-55 274-427 90-140 

375-4500) 30-40 
Stainless steels 50-100 15.2-18.3 50-60 
Brass 

Soft о ard АЖ 2500 

Hard .. kA оча. EBL z200 
Aluminum and magnesium. ....... 2183 =600 


GA мв carbide cutters. cast irons can be thread milled at cutting speeds of 76-137 m/min (250-450 sfm). (b) Cutters for higher-hardness 
steels should be premium high-speed steel or carbide 





work. Double heads can be used to cut external threads can be cut at the same 
both ends of a part, and internal and time. 
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Numerical control (NC) machines are 
also used for thread milling, together with 
other operations, in a single fixturing. Long 
cutter life and high-quality threads are 
among the advantages. 


Thread Milling Cutters 


Either single- or multiple-form cutters are 
used in thread milling. Multiple-form cut- 
ters are used for milling comparatively short 
leads and medium or fine pitches, while 
single-form cutters are used for coarse 
pitches and long threads. 

Single-form cutters mus! traverse the 
workpiece during cutting, or the workpiece 
must traverse the cutter. When a single- 
form cutter is used, the axis of the cutter is 
pivoted an amount equal to the helix angle 
of the thread (Fig. 1). 

Multiple-form cutters have annular rows 
of teeth of the right form and pitch but no 
lead. The cutters must be two to three 
pitches longer than the thread to be cut, or 
the work must be rotated more than the 
minimum 1.1 turns. 

Most multiple-form cutters are nontop- 
ping; that is, they cut only the sides and the 
root of the thread. The top is usually ma- 
chined by turning or boring. Topping cut- 
ters, not usually recommended, machine all 
diameters for concentricity, usually remov- 
ing not more than 0.25 mm (0.010 in.) from 
the diameter. 





Speed and Feed 


Speeds and feeds for thread milling de- 
pend on a number of variables, such as the 
material being milled, the tool material, and 
the rigidity of the machine and workpiece. 
The choice of either climb or conventional 
milling is also a factor. Table | contains 
some suggested speeds and feeds with high 
speed steel tools. 

Climb milling also permits the use of 
faster cutting speeds, which improve sur- 
face finishes and increase production and 
cutter life. Table 2 compares cutting 
speeds for climb and conventional milling. 
The suggested speeds should be consid- 
ered a general starting point; increases or 
decreases may be necessary for desired 
results. 





Thread Grinding 


THREADS are sometimes ground in- 
stead of being cut or rolled, for the follow- 
ing reasons 


ө If the work is harder than 36 HRC, grind- 
ing may be the only feasible production 
method 

ө If the work is softer than 17 HRC, grind- 
ing may give a better finish 

© Ifa high degree of dimensional accuracy 
is required, grinding is almost invariably 
the method preferred 


Most threading processes apply methods 
other than grinding—for example, cutting in 
a turning or milling operation. or chipless 
forming carried out by one of the several 
methods of thread rolling. Thread grinding 
is applied only when the advantages of the 
ground threads exceed the disadvantages of 
the generally higher cost of equipment or 
when, for technological reasons, the pro- 
duction or quality requirements cannot be 
met by the generally more productive com- 
mon methods. 





Thread Grinding Processes 


Grinding Methods. Threads are ground 
by contact between a rotating workpiece 
and a rotating grinding wheel that has been 
shaped to the desired thread form. In addi- 
tion to rotation, there is relative axial mo- 
tion between the wheel and the workpiece 
to match the pitch of the thread being 
ground. Thread grinding can produce either 
external or internal threads. 

Methods for grinding threads are: 








© Cylindrical grinding. in which the work- 
piece is held between centers or by 
means of a chuck 

ө Centerless grinding, in which the work- 
piece is supported against the grinding 
wheel by a rest (work-support blade) and 
a regulating wheel 


When workpiece shape permits and when 
production quantities are large, centerless 
grinding is the best choice because produc- 
tivity is much greater than in cylindrical 
grinding. 

In center-type grinding. the material 
specifications and the form. length. and 
quality of the threads determine the number 
of passes required. The number of passes 
can vary from one to five to six. With 
centerless grinding. the part is normally 
finished in one pass through the machine. 














As the work moves across the wheel, it is 
sized to the correct diameter and then the 
threads are formed. 
Machines for thread gri 
guished by three features: 





jing arc distin- 


© Means for imparting a precise axial mo- 
ton between the wheel and the work- 
piece to match the thread being ground 
(the leadscrew principle is commonly 
used) 

@ Devices for truing or dressing the grind- 
ing wheel to generate the required form in 
the workpiece 

* inclinable planc of rotation of the grind- 
ing wheel to cut the required helix 





Thread grinding machines differ in the 
type of grinding wheel used (single ribbed or 
multiribbed), the method of supporting the 
workpiece. and the method of restoring the 
cutting contour of the grinding wheel (dia- 
mond dressing or truing, or crush truing) 
Thread grinding machines are sometimes 
classified as external, internal, or universal 
‘The universal type is capable of grinding 
both external and internal threads. 


Thread Grinding 
Applications 


Threaded parts that are ground include 
those that are too difficult to cut, mill. or 
roll when a fine finish is required or when 
precision form, lead, and pitch require- 
ments must be held before and especially 
after hardening. Forms that are produced 
include API, NPT. and other taper pipe 
threads: 60° unified and metric: 55° Whit- 
worth: 29 and 40° worm; 47°30 British 
Association: 53°8' Lowenhertz; and But- 
tress. Centerless-ground threaded parts in- 
clude continuously threaded parts such as 
setscrews. studs, threaded bushings, 
threaded size-adjusting bushings for boring 












































heads. thread gages, worm gears. powdered 
iron screws. and self-threading insert bush- 
ings. 


Materials that can be thread ground in- 
clude hardened and annealed screw stock, 
alloyed high-speed tool and stainless steels, 
and sintered iron. Sintered iron is widely 
used for continuously threaded screws. 

Threads can be cut and then finish ground 
after heat treatment, or they can be ground 
from solid stock. The process of forming 
threads entirely by grinding. or without 
preliminary cutting, is applied both in the 








manufacture of certain classes of threaded 
parts and in the production of precision 
tools, such as taps and thread gages. For 
example, in airplane engine manufacture, 
certain parts are heat treated and then the 
threads are ground from the solid. This 
eliminates distortion and the minute cracks 
formerly found at the roots of threads that 
were cut and then hardened. In some cases, 
steel threads of coarse pitch, which are 
surface hardened, can be rough threaded by 
cutting. then hardened and finally corrected 
by grinding. Many ground thread taps are 
produced by grinding from the solid after 
heat treatment. Hardening the high-speed 
steel taps before the thread is formed clim- 
inates the narrow or delicate crests that 
would interfere with the application of the 
high temperature required for uniform hard- 
ness and optimum steel structure. 

Thread grinding is often specified in high- 
ly stressed parts subject to failure by fa- 
tigue, such as aircraft, tank, gun, and motor 
parts. Threading such parts by grinding 
avoids the minute torn areas that usually 
exist at the root of cut threads and cause 
these threads to become the focus of stress 
concentrations that contribute to progres- 
sive rupture by fatigue 

Typically. the upper limits of the thread 
grinding process can be stated as a 405 mm 
(16 in.) diameter and a 4.1 m (160 in.) thread 
length. At the other extreme, that is. the 
lower limit for manufacturing threads for 
miniature parts, the finest thread pitch con- 
sidered practical to produce by using thread 
grinding is 0.125 mm (0.004921 in.), which is 
equivalent to 203/« threads per 25 mm (1 
in.) in the Unified Miniature Screw Thread 
system. 









Tolerances 


‘Threads are ground for accuracy and fin- 
ishes unobtainable by other threading meth- 
ods. Tolerances are held for size to 0.0001 
mm/mm (=0.0001 in./in.) of pitch diameter 
and for lead within 7.5 um in 500 mm 
10.0003 in. in 20 in.) of length. Hard mate- 
rials can be threaded more economically by 
grinding than by other methods. Aluminum 
and other comparable soft materials can 
also be ground, but with great difficulty 
because of their tendency to load the wheel 
and cause burning. 

Threads to be ground should not he spec- 
ified to have sharp corners at the root. 





Radius at root 





Fig. 1 Generous root radius necessary in ground 
9. 1 threads. А root radius of 0.25 mm (0.010 
in.J is preferred, although a minimum root radius of 0.08 
mm (0.003 in.) is readily obtained when threads ore 
ground 


Normally. a radius of 0.08 mm (0.003 in.) is 
the very minimum that can be expected. 
and much larger radii of the order of 0.25 
mm (0.010 in.) are preferred (Fig. 1). 
Centerless-ground threads should have a 
length-to-diameter ratio of at least 1:1: pref- 
erably, the length should be longer than the 
diameter. In addition. parts to be center- 
less-thread ground should not have large 
burrs, be flattened or egg-shaped from 
shearing, or be bent or crooked. Taper and 
flatness should also be avoided, because 
they will not be removed by thread grind- 
ing 








he number of wheel passes or cuts re- 
quired for grinding from the solid depends 
on the type of wheel and the accuracy 
required. In general, threads of 12 or 14 per 
25 mm (1 in.) and finer can be ground in one 
pass of a single-edge wheel unless the un- 
wrapped thread length is much greater than. 
normal. The unwrapped length is approxi- 
mately equal to the pitch circumference 
multiplied by the total number of thread 
turns. For example, a thread gage 32 mm 
(ПА in.) long with 24 threads per 25 mm (1 
in.) would have an unwrapped length equal 
to 30 times the pitch circumference. (If 
more convenient. outside circumference 
can be used instead of pitch circumference.) 
If there is 1.8 or 2.1 m (6 or 7 ft) of 
unwrapped length on a screw thread having. 
12 threads per 25 mm (1 in.), one pass might 
be sufficient for a class 3 fit, but two pass 
might be recommended for a class 4 fit. 
When two passes are required. too deep a 
roughing cut may break down the narrow 
edge of the wheel. This can be prevented by 
using a roughing cut depth equal to about 
two-thirds the total thread depth, thus leav- 
ing one-third for the finishing cut. 

















Wheel Selection 


Typical wheel specifications for the 
thread grinding of various metals are given 
in Tables | and 2. The selection of abrasive 
depends on work metal composition and 
hardness and the number of threads per 25 
mm (1 in.). With few exceptions, threads 
are ground with aluminum oxide wheel: 
designated by an A in the specification. 
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Table 1 Grinding wheel specifications for thread grinding 
Threads per 25 wm Specifications for 
Application. Type of thread (1 in.) (fom solidi Precision work Commercial work 
External grinding 
Precision screws Fine pitch 32-40 324220-M9 VG 
Finer than 40 A320-098 
Screws and studs (heat-treated 
alloy меер. American National #12 23A 100-R9BH 
form threads 14-20 23A120-R9BH 
24 and finer. 23A150-S9BH 
23A150-TYBH 
23A180-T9BH 
Taps (high-speed steel) Acme threads XIN 23A100-ROBH 
20-26 23A150-S9BH 
27 and finer 23A150-T9BH 
23A180-T9BH 
American National 412 32A100-K8VG 23А 100-RYBH 
form threads 14-20 32A120-L9VG 23А 120-Ҝ9ВН 
24-36 32AIRO-N9VG — 23AINO-TOBH 
A220-USBH 
American з\к 23A 100-R9RH 
Standard pipc 20-28 23A150-SYBH. 
threads 27 and finer A 150-T9BH 


Whitworth form threads Whitworth form 





Acme and worm 
threads 


Worms and leadscrews - 


Internal grinding 


Hardened tool and alloy steel ‘Acme threads 





American Nat 
form threads 


а} Precut threads. Source: Ref | 





ATSO-TUBH 





5-16 32A120-K9VG 

18-24 ATSO-L9VG. 

4-64) АВО ЈКУС 

RANA 32AI00-KSVG. 

12-16 AQAIQO-K9VG — 23AI00-R9BH. 

2-8) XRARO-INVG. 

10-2004) ASA 20-K9 VG 

6-164) WALU-LYVG — 23AT0-V9BH. 
20-244) 38A220-M9VG — 23AISU-V9BH 
6-20 23A100- V9BH 
24 and finer 23A [50-V9BH. 





Silicon carbide wheels, marked C, are used 
for grinding titanium. and diamond wheels, 
marked D, for grinding sintered carbide and 
ceramic materials. The semifriable varieties 
of aluminum oxide are usually preferred. 
but in some applications a friable type gives 
better results, and in a few cases a tough 
variety is best. Additional information on 
wheel classification and marking is avail- 
able in the article “Grinding Equipment and 
Processes" in this Volume. 

Grit size is primarily determined by the 
pitch of the thread being ground; the finer 
the thread, the finer the grit. Fine grit im- 
























Table 2 Grinding wheel 
ations for the mul 





b 














proves surface finish, but coarse grit re- 
moves metal faster. The relationship be 
tween thread pitch and grinding wheel grain 
size is indicated in Table 3. 

Resinoid and Vitrified Wheels. Either 
vitrified or resinoid bond is used for thread 
grinding. Resinoid wheels remove stock 
more rapidly, but they are less rigid than 
vitrified wheels and deflect more readily. 
Therefore, resinoid wheels are usually used 
in high-production applications, while vitri- 











Table 3 Relationship between 
thread pitch and grinding wheel 
grain size for vitrified wheels 





Grit size for vitrified wheels 

































speci Coursest 
grinding of hardened steel allowable Recommended 
Approximate grit for prit for 
Thread Grinding — Wheel diameter | Threads per equivalent pitch,  single-rib multirib 
pitch process 386 mm (14 in.) 25 mm (1 in.) mm wheels wheels 
S10... Centerless XAIN-QUVG — NET. 02-035 
Cylindrical 38AI20-N9VG — X 6440 0.44.6. 
Surfacing 38A120-K9V 207-075 
1-44. Centerless. VG — XAISO-QIOVG . 08-10 320 
2AI80-N9VG. окто 150 ` 
Surfacing 38A150-K9VG K9VG 20-16 120 220 
16-2: Centerless 38A2203-N9VG 38A220-QI0VG. 14 and 13 100 
Cylindrical 38, NOVG dug 150 
Surfacing 0-K9 VG. Hand 9 90 
24-32. Centerless. A3N-QIIVG 10-5 120 
Cylindrical, 38A320-NI0VG > A320-NI0VG 84 ко 
Surfacing 38A3NKK9VG А. K9vG 4 70 
Source: Ref t Source: Ref 2 
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(a) (b) 


Fig. 2 


Wheel truing of rounded-crest (a) and straight-line (b) thread profiles using diamonds as a truing device 
The profile in (а) is generated by a single tool in which the flank surfaces are produced by straight-line 


motions parallel with the rued profile sections, while the radius results from a large number of tongent-line travels in 
Consecutive positions. The profile in (b) is generated by using three Iruing heads, each holding a diamond and moving 
in the paths shown, to dress the wheel for fine (left) ond coarse (right) threod grinding 


fied wheels are used where accuracy is the 
primary objective, as in grinding threads on 
gages. Vitrified wheels are also used for 
correcting lead error in precut threads. The 
more flexible resinoid wheels tend to follow 
lead error rather than to correct it, Vitrified 
bond is also used for wheels dressed by 
crushing, a method not applicable to the 
more resilient resinoid-bonded type 

Diamond wheels set in a rubber or plas- 
tic bond are also used for thread grinding. 
especially for grinding threads in carbide 
materials and in other hardened alloys. 
"Thread grinding is done successfully on a 
commercial basis on both taps and gages 
made from carbides. Diamond wheels are 
dressed by means of silicon carbide grinding 
wheels that travel past the diamond wheel 
thread form at the angle required for the 
flanks of the thread to be ground, The 
action of the dressing wheels is perhaps best 
described as а scrubbing of the bond that 
holds the diamond grits. Obviously, the 
silicon carbide wheels do not dress the 
diamonds. but they loosen the bond until 
the diamonds not wanted drop out, 

Wheel grade depends mainly on the grit 
size: the finer the grit, the harder the wheel. 
The work metal. grinding method, thread 
type and pitch, and wheel size are among 
the factors that determine which grade will 
be used. 

Wheel hardness or grade selection is 
based on a compromise between efficient 
cutting and the durability of the grinding 
edge. Vitrified wheels usually range from J 
to М. and resinoid wheels from R to U. For 
heat-treated screws or studs and the Unified 
Standard Thread, the following recommen- 
dations are helpful: 














е For 8 to 12 threads per 25 mm (1 in.). 
grade S resinoid wheel 

е For 14 to 20 threads рег 25 mm (1 in.). 
grade T resinoid 

© For 24 threads per 25 mm (1 in.) and 
finer, grades T or U resinoid 


For high-speed steel taps. the recommenda- 
tions given below are useful: 





© For 4 to 12 threads per 25 mm (1 in.). 
grade J vitrified or S resinoid 

€ For 14 to 20 threads per 25 mm (1 in.). 
grade K vitrified or T resinoid 

ө For 24 to 36 threads per mm (1 in.), 
grade M vitrified or T resinoid 


Truing Grinding Wheels 


"Thread grinding wheels are trued to main- 
tain the required thread form and an effi- 
cient grinding surface. Thread grinders are 
usually equipped with precision truing de- 
at function automatically. One type 
ically dresses the wheel and com- 
pensates for the slight amount removed in 
dressing. thus automatically maintaining 
size control of the work. 

Diamond Dressing. In most cases, suit- 
ably mounted diamond points are the cut- 
ting tools used to impart the desired form to 
the grinding wheel surface. The dressing 
device imparts to diamond dressing points 
the predetermined path of movement for 
generating the desired wheel form (Fig. 2). 

In the relatively simpler cases in which 
the form to be dressed on the wheel is 
bounded by straight lines. separate diamond 
tools are either pivotally mounted or slide 
mounted so that the several tools can tra- 
verse the respective surfaces of the wheel 
These separate diamond points can be 
moved in a straight line when supported on 
respective slides. or they can be pivota ly 
mounted to traverse accurately the wheel 
surfaces to be dressed by them. 

For mechanical reasons and to avoid the 
necessity of using a diamond point so small 
that it would have a prohibitively short life, 
it is preferable that separate diamonds be 
provided for dressing opposite flanks of the 
wheel rib. To avoid chipping of the wheel 
rib in dressing, it is desirable that the dia- 
mond points be in cutting contact only while 









































Grinding 
whee 






Workpiece 


Principles of wheel thread shaping by form 
Fig. 3 jjj dressing in o plunge-type, profile- 
grinding process. The relative positions of the form crush 
Toll, the contour-shaped grinding wheel, and the finish- 
ground workpiece are shown. 


traversing the rib from the apex toward its 
base and that they return out of contact with 
the wheel. 

Rotating rolls having diamonds plated on 
their peripheries are a more recent method 
of dressing wheels for thread grinding. 
These tools are particularly well suited to 
the high-production thread. grinding of a 
single design of workpiece. Two-axis nu- 
merical control dressers are available for 
producing various thread forms. 

While truing the wheel, a small amount 
of grinding oil should be used to reduce 
diamond wear. Light truing cuts are advis- 
able, especially in truing resinoid wheels 
that can be deflected by excessive truing 
pressure. A master former for controlling 
the path followed by the truing diamond 
may require a modified profile to prevent 
distortion of the thread form, especially 
when the lead angles are comparatively 
large. Such modification usually is not 
required for 60” threads when the pitches 
for a given diameter are standard, because 
then the resulting lead angles are less than 
4V*. In grinding Acme threads or 29° 
worm threads having lead angles greater 
than 4 or 5°, modified formers may be 
necessary in order to prevent a bulge in the 
thread profile. The highest point of this 








bulge is approximately at the pitch line. A 
bulge of about 0.025 mm (0.001 in.) may be 
within allowable limits on some commer- 
cial worms, but precision worms for gear 
hobbers, and so on, require straight flanks 
in the axial plane. 

Crush Dressing. Thread grinding wheels 
are also dressed or formed by the crushing 
method. This method is used in conjunction 
with some types of thread grinding ma- 
chines. 

In crush dressing. the brittleness of the 
wheel bond is utilized by subjecting select- 
ed areas of the wheel face to a pressure in 
excess of the strength. of the bond. This 
causes the bond material to disintegrate in 
the areas of the applied pressure. The pres- 
sure is maintained until the breakdown of 
the bond reaches the required depth (Fig. 
3). When this method is used, the annular 
ridge or ridges on the wheel are formed by a 
hardened steel cylindrical dresser or crush- 
er. The crusher has a series of smooth 
annular ridges that are shaped and spaced 
like the thread that is to be ground. During 
the wheel dressing operation, the crusher is 
positively driven instead of the grinding 
wheel, and the ridges on the wheel 
formed by the rotating crusher being forced 
inward. 











‘Table 4 lists the nominal speeds used for 
the thread grinding of various alloys, based 
on work metal composition and hardness 
and the number of threads per inch. Vitri- 
fied thread grinding wheels are run at con- 
siderably higher speeds than are normal in 
other operations with vitrified wheels. This 
is permissible under the safety code only 
when the wheel has been tested by the 
wheel manufacturer for operation at such 
speeds and when the machine is properly 
guarded to protect the operator against ac- 
cidental wheel breakage. Although the max- 
imum speed for vitrified wheels on a stan- 
dard cylindrical grinder is 2000 m/min (6500 
stm), speeds as high as 3700 m/min (12 000 
sfm) can be used in thread grinding with 
vitrified wheels that have been certified by 
the manufacturer for that speed. 

As indicated in Table 4, in most thread 
grinding, the recommended wheel speed 
increases as the number of threads per 25 
mm (1 in.) increases. Grinding of heat- 
resistant alloys, however, is an exceptio 
the recommended speed is the same regard- 
less of thread pitch. 

















Grinding Fluids 


Grinding oils are always used in thread 
grinding. Water-base fluids have never been 
successful, although many attempts have 
been made to replace oils with water-base 
fluids. Mineral-base sulfochlorinated grind- 
ing oils such as GI or G2 are the most 








widely used. especially when finish and 


of the threads are important: 
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GI Transparent sulfochlorinated grinding 
vil containing fats, 4% S. and 2% 
CI (both active): viscosity: 230 
SUS at 40°C (100 °F) 

G2 Dark sulfochlorinated grinding oil 
containing fats, 3% S, and 0.5% CI 
(both active): viscosity: 190 SUS 
2040 C (100 °F) 




















Such oils are generally satisfactory for all 
steels, as well as for other work metals, and 
many shops have standardized on them for 
all thread grinding. Other formulations pre- 
pared especially for thread grinding are 
able for specific applications where the 
conventional sulfochlorinated oils have 
proved unsatisfactory 


стомна Grinding 
of Threads 


Five basic methods. identified by the 
design of the wheel. are employed for cy- 
lindrical thread grinding. Four of these 
methods use multiribbed wheels: 











ө Single-rib wheel traverse grinding 

* Multirib wheel traverse grinding 

* Multirib wheel plunge grinding 

ө Multirib wheel skip-rib. or alternate-rib, 
grinding 

* Multirib wheel three-rib grinding 


Single-Rib Wheel 
Traverse Grinding 

Machining Process. In this method (Fig. 
4a). the edge of the wheel is trued to the 
form of the thread to be ground: the profile 
of the cutting edge works like that of à 
single-point metal tool for cutting threads 
on a lathe. Because the grinding wheel is 
frequently 457 to 508 mm (18 to 20 in.) in 
diameter, the arc of contact at full depth is 
appreciable. Thus, for accuracy, the wheel 
should be inclined to the helix angle; this 
adjustment is imperative for helices of 4° or 
more. 

Single-rib wheel traverse grinding is the 
original and most versatile method of thread 
grinding. and it is still applied in the major- 
ity of operations. It can also be considered 
the method by which the highest degree of 
dimensional accuracy of the ground thread 
can be attained. The capacity limits of sin- 
gle-rib wheel thread grinding are the widest 
available, extending from the finest to the 
coarsest thread types. The single-rib wheel 
is also adaptable, with the aid of appropri: 
truing devices. to many different profile 
configurations, including those that differ 
from the conventional thread shapes, such 
as hobs, worms, and translation screws 
with special ball tracks. 
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(b) 











(9) 


Fig. 4 Супа! grinding of threads using single- 
J- ^ iib (a), traverse (b), plunge (c), and skip-rib 
(d) multiribbed grinding wheels 


Recent Developments to Increase Pro- 
ductivity. One respect in which single-rib 
wheel grinding is inferior to methods em- 
ploying multirib wheels is productivity. 
Several design improvements, however, 
have been incorporated into different mod- 
els of thread grinding machines for increas- 
ing the productivity of the single-rib wheel 
method. ‘These design characteristics, al- 
though found only in certain models of 
thread grinders, include the following: 





* The wheel diameter has been increased to 
508 mm (20 in.) to extend the length of the 
operating periphery. thus removing a 
higher volume of stock before retruing is 
necessary 

The peripheral speed of the grinding 
wheel has been increased. often to a 
multiple of the conventional speed. This 
preceded by many years the application 
of high-speed grinding, which more re- 
cently is used in other precision grinding 
methods 
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Table 4 Nominal speeds for the thread grinding of ferrous alloys and carbides 





















































read designation Wheel 
Pitch, Threads per 25 identification, Wheel speed Work speed 

Material Hardness, HRC Condition mm mm (1 in.) ANSI mis sim mimin sim 
Wrought alloy steels 

Low carbon 

4012 4615 4817 кы? 50 max Hot rolled. 625 412 ARB 43 8 500 

4023 4617 4820 8620 normalized. 2-1 7 A120SB 46 9 000 и 48 
4024 4620 5015 кө? annealed. cold 0,8-0.45 28-63 AIRUTH 48 9 500 Ы 

ALS 4621 SIIS SED drawn, or quenched — 04-035 64-80 A220UB Si 10000 

4320 4718 5020 9310 and tempered 

4419 4720 618 94BI5 

4422 415 NIIS 94BI7 E Carburized and/or 625 an ЛІКУ 36 7000 

Medium carbon quenched and 24 1327 AISOIV зк 7500 i$» ж 
1330 4145 5132 — R640 tempered 0.80.45 EE ОМУ 43 8 500 

IMS 4147 SD ы? 0.40.35 64-80 240PV 46 9 000 

1340 4180 5140 кыў 

1345 4161 5145 ROBSS 

4027 4340 547 8650 

4028 4427 SISO — N6SS 

4032 4626 5155 BOAO 

4037 SOB40 S160 0740 

4042 50B44 51860 8742 

4047 9046 6180 9254 

4130 50846 SIBAS 9255 

4135 50B50 8625 9260 

4137 S060 8627 Өз 

4140 SOB60 8630 

442 50 8637 

High carbo 

50100 S1100 52100 M-50 

Wrought carbon steels 
Low carbon 

1005 1012 1019 1026 50 max Hot rolled. 625 412 A90RB 43 8 500 

1006 103 1020 1029 normalized. 2-1 1-27 A120SB 46 9 000 137 40 
1008 1015 1021 1513 annealed, cold 0-045. EE AIROTB E 9 500 ч 

1009 1016 1022 1518 drawn, or quenched — 04-035 01-80 A220UB Si оо 

1010 1017. 103. 1822 and tempered 

1001 1018 1025 

Medium carbon 

1030 1042 1053 ы 50 Carburized and/or 625 412 АКУ 36 7 000 

1033 1043 1085 1547 ‘quenched and 2-1 13-27 AISQIV 38 7 500 TEN. 
1035 1044 1524 1948 tempered 0.8-0.45 2-63 A2200MV 43 к 500 ý 
1037 1045 1928 1551 0.40.35 64-80 A240PV 46 о 000 

108 1046 1526 182 

1039 1049 1527 

1040 1050 126 
High carbon 

1060 1074 1085 1566 

1064 1075 1086 1572 

1065 107K 100 

1069 1080 1095 

1070 1084 1561 
Wrought tool steels 

A2 HH L6 P20 50 max Annealed or quenched 62 з? А9ОКВ 43 8 500 

AM HM 17 Р?! and tempered 2-1 13-27 А1205В 46 9 000 à db 
As H9 OL SI 08-045 2-63 AIROTB 48 9 500 5 

A6 HN 02 5 040,35 6480 АОВ Si 0000 

AN Н? 06 55 

лэ нз 07 5 50 Quenched and 625 412 АКУ ъ 7000 

АЮ HM PR 57 tempered 24 1327 AISQJV E! 7500 "AE 
MIO H24 ра WI 00.45 жез 43 8 s00 

HH H26 РУ м2 0.40.35 6480 AMOPV 46 9 000 

Hi 12 Pe м5 

SAB J438b: types W108, W109, 

ж, W112, W209, W210. 
W310 

Wrought austenitic stainless steels 

201 304 30S 330 135-275 HB Annealed or cold 625 4-12 ASORB 5 8 500 

X? 305 зз W draw 2-1 1-27 A120SB 46 9 000 19 us 
30) к 36 MN 08-0.45. 28-63 AIROTB as 9 500 * 

302 309 MeL 34 040.35 64-80 A220UB 51 10.000 

302B 3098 м7 38S 

304 310 3M 

(continued) 














Table 4 (continued) 
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Thread designation 
Pitch, Threads per 25 Wheet speed Work speed 
Material Hardness, HRC Condition mm mm (in mh ^ di mimin ‘ten 
Gray cast irons 
Ferritic 
ASTM Лав: class 20 45 max Asccast, annealed. 4р ASORE з кею 
SAE J43le: grade G1800 or quenched and no AINSB ж 990 |, dá 
Pearlitic-erritie tempered 03-045 28-63 AIBOTR o өч 12 
ASTM A48: class 2 04-035 04-80 AZ0UB SI 10000 
SAE H31e: grade G2500 
Pearlitic 40.52 As-cast, annealed, 625 FEN A9ORB з кю 
ASTM A48: classes 30, 35, 40 or quenched and 2-1 n AINSB » 990 , бе. 
SAE H431c: grade G3000 tempered 08-045 EP AINOTB o уш 12 
Pearlitic + free carbides 04.98 64-80 ANQUB 5| 00000 
ASTM A48: classes 45, 50 
SAF J43c: grades G3300, 
Pearlitic or acicular + free cari 
ASTM A48: classes 55, 60 
Wrought high-temperature nickel-base alloys 
AFLIDA Inconel 751 W0-W0HB Annealed or 625 +R ASR 
Astroloy M252 solution treated 21 uo AnorB 3 : 
Haynes 263 — Nimonie 75 08-048 жез AISOTB Ac UE. ке мз 
IN=102 Nimonig 80 04-035 pe ANOTB 
Incoloy 4| — Nimonic 90 
Incoloy 903 — Nimonic 95 30-475 HB Solution treated and — 25 412 AWOSB 
Inconel 617 Rene 41 aged xi 1x27 А100ТВ. 
Inconel 625 — Кепе 63 08-045 28-63 AINOTB «2 эш мыз мш 
Inconel 70 — Rene 77 04-035 ым ANOTH 
Inconel 702 — Rene 95 
Inconel 706 — Udtimet 500 
Inconel 718 Udimet 700 
Inconel 721 Cdimet 710 
Inconel 722. Unitemp 1783 
Inconel X750 Waspalay 
Carbides 
Titanium carbide 89-94 HRA 625 412 DMORIMBIR з з 
Tungsten carbide 2-1 т Шит. з 500 gg Ls 
ORAS вз DAOVIOBIN 28 80 
04035 — &L80 — DADVIDOBUN — 30 — 6000 


Source: Re 4 





* Wheel truing systems and devices are 
used that substantially reduce or even 
eliminate the loss in productive grinding 
time due to wheel truing 

* l'or multipass grinding—a procedure that 
is generally needed for the single-rib 
wheel method—the accelerated table re- 
turn has long been provided, but in cer- 
tain models of modern production grind- 
ers it is being superseded by the even 
more productive two-way grinding. In 
this later system, also referred to as 
two-directional, the grinding is carried 
out during the table movements in both 
directions, but it requires specially de- 
signed grinders equipped with depend- 
able backlash-eliminator devices. Some 
manufacturers are building thread grind- 
ers that can operate in an automatic cycle 
using both methods subsequently: the 
two-way grinding (in roughing) for in- 
creased productivity and the one-way 
grinding (in finishing) for higher work 
accuracy 








* The wheel and work speeds are varied 
automatically in different phases of the 
Processes. High wheel speeds are used 
during the roughing passes for increased 
rate of stock removal. The wheel speed is 
then decreased. and the work speed in- 
creased, during the finishing passes. thus 
obtaining a better finish on the ground 
surface 


Multirib Wheel Grinding 

Multiribbed wheels have two or more 
parallel grooves or ril und the periph- 
of the wheel. Each rib is trued to the 
form of the thread to be ground. The thread 
form is imparted to the wheel by diamond or 
crush truing. 

Traverse Grinding. If the grinding wheel 
is as thick as. or thicker than. the required 
length of the thread (Fig. 4b), the thread can 
be completed in one revolution of the work 
plus a half revolution for feeding-in of the 
wheel. Traverse grinding operates with a 
wheel that is wide enough to contain ribs 
























corresponding to six to eight threads of the 
workpiece. The leading edge of the wheel is 
usually tapered, with the first two or three 
ribs truncated in order to cause the wheel to 
penetrate gradually into the work material 
s it is traversed axially. The wheel is 
advanced to the intended radial position of 
the cut, which may be the full depth of the 
thread for single-pass grinding or only a part 
of the total thread depth for multipass grind- 
ing. After the wheel has reached its advance 
Position, the traversing and rotating work- 
piece contacts the leading edge of the wheel 
and continues the traverse movement 
across the face of the wheel until the end of 
the threaded part section has passed the 
wheel. In the case of multipass grinding, the 
process of wheel retraction and work return 
is the same as in single-rib wheel grinding. 
but a longer return distance must be cov- 
ered because of the greater wheel width. 
l'raverse grinding can also be operated in 
the two-way system. In this case, both sides 
of the wheel function alternately as leading 
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edges, and the starting ribs are truncated at 
both ends of the wheel f 

Multirib wheel traverse grinding is more 
productive than single-rib wheel grinding 
because of the higher rate of stock removal 
per pass, and it is frequently used on thread 
grinding machines that are adapted to this 
method by the use of wider wheels and the 
appropriate multirib wheel-truing devices. 
The application of multirib wheel grinding, 
however, has certain limitations: 








* Thread pitch should not exceed one- 
eighth of the available wheel width 

@ There should be no shoulder on the work- 
piece that could interfere with its passing 
across the total width of the wheel face 





Regarding the accuracy attainable, multirib 
wheel traverse grinding is successfully ap- 
plied to threads even with tight tolerances, 
except for such extreme accuracy require- 
ments as specified for thread gages. 

Plunge Grinding. For this method of 
grinding, wheels that are about 1/2 thread 
pitches wider than the entire threaded sec- 
tion of the workpiece must be used, but the 
complete thread is produced in less than 1» 
turns of the workpiece. The wheel, which 
has ring-shaped thread profile ribs of equal 
depth around its entire periphery, is ad- 
vanced gradually into the rotating and tra- 
versing workpiece during about '^ turn of 
the latter. The wheel then stays in this 
position while the workpiece continues 
making somewhat more than an additional 
full turn (Fig. 4c). At this position. the 
entire thread has been ground in a single 
plunged pass; the wheel retracts and the 
machine table returns into its starting posi- 
tion, ready to accept the next workpiece. 

Multirib wheel plunge grinding is the 
most productive thread grinding method, 
and it is successfully used where the dimen- 
sions of the workpiece and of the thread 
permit its application. The accuracy attain- 
able satisfies most general. requirements, 
with the exception of parts having very 
critical thread tolerances. 

The truing of the multirib wheel is com- 
monly performed by crushing. a truing meth- 
od that was adopted only for certain types of 
thread grinding machines, including the spe- 
cial machine types built expressly for plunge 
grinding with crush-dressed wheels. For high- 
volume production, diamond-impregnated 
form rolls are also used for the very efficient 
truing of multirib thread grinding wheels. Be- 
cause of the relatively high cost of the re- 
quired special tooling, the crushing rolls, and 
the diamond rolls (even much more expen- 
sive), multirib wheel thread grinding by 
plunge advance must be used for the produc- 
tion of parts in substantial quantities in order 
to be economical in comparison to other 
thread grinding methods. 

Skip-Rib Grinding. A type of multirib 
wheel plunge grinding. designated as skip- 
rib, with rib spacing on the wheel twice that 
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Fig. 5 Schematic of а three-rib thread grinding 
19. Э heel. A, roughing rib; B, intermediate rib; 

C, finishing rib. The flattened area (D) is optional ond 

can be used to finish grind the crest of the threod. 


of the thread pitch, is occasionally used for 
threads of very fine pitch or for resinoid- 
bonded wheels where the truing of ribs 
corresponding to the actual thread pitch 
would be difficult to carry out. The grinding 
wheel can be formed by crush or diamond 
truing. Diamond truing is used on resinoid 
wheels or to dress fine, accurate pitches. In 
the first pass, the wheel grinds every other 
thread of the workpiece; in a subsequent 
pass, after the work is traversed by a dis- 
lance equal to the thread pitch, the previ- 
ously untouched thre; re ground over a 
distance comprising a small circumferential 
overlap for bending (Fig. 4d). This method 
requires about 2% total turns of the work- 
piece for the entire operation. 

Three-Rib Grinding. Another variation of 
the multirib thread grinding wheel is the 
three-rib wheel (Fig. 5). This wheel has a 
roughing rib (A, Fig. 5) that removes about 
two-thirds of the material. and an intermedi- 
ate rib (B, Fig. 5) that takes the remainder of 
the material except for about 0.13 mm (0.005 
in.), which is left to be cleaned up by the 
finishing rib (C, Fig. 5). If desired, the wheel 
can be dressed so that a flattened arca (D, 
3 finish grind the crest of the thread. 

"The three-rib wheel will produce threads 
whose accuracy equals or exceeds that of 
threads produced by the single-rib wheel. If 
necessary, this type of wheel can be in- 
clined to the helix angle. provided an allow- 
ance is made for the radius of curvature of 
the work. The three-rib wheel is designed to 
traverse the work rather than to plunge cut. 


Infeed 

When a single-rib wheel is used. a rough- 
ing cut of 0.51 to 1.02 mm (0.020 to 0.040 
in.) per pass can be made without burning 
the work metal. An infeed of 0.038 to 0.10 
mm (0.0015 to 0.004 in.) per pass is used for 
close dimensional accuracy. while infeed 
for larger dimensional tolerances common 
to many commercial products ranges from 
0.10 to 0.25 mm (0.004 to 0.010 in.) per pass. 
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Direction of cut in grinding threads, (а) Up 
cut. (b) Climb cut 





The work can be ground to final size in 
one cut when the depth of cut is less than 
1.02 mm (0.040 in.). Work speed for finish 
grinding in one cut is slow; for example, а 
work speed of 0.46 to 0.61 m/min (172 to 2 
sfm) is used for grinding 20 threads per 25 
mm (1 in.) with a thread depth of 0.81 mm 
(0.032 in.). For depths greater than 1.02 mm 
(0.040 in.), roughing cuts of 0.51 to 1.02 mm 
(0.020 to 0.040 in.) or more per pass at work 
speeds of 0.9 to 1.2 m/min (3 to 4 sfm) are 
required. Work speed for the finish cut of. 
0.038 to 0.10 mm (0.0015 to 0.004 in.) is 1.8 
to 2.4 m/min (6 to 8 sfm). 

In multicut operations, infeed should be 
controlled so that the cutting edge of the 
grinding wheel will not break down before 
the finishing cut. For example, an infeed of 
0.91 mm (0.036 in.) per pass for roughing 
and 0.46 mm (0.018 in.) per pass for finish- 
ing is satisfactory for grinding 20 screw 
threads per 25 mm (1 in.). 

Thread grinding can be done on the up 
cut, usually with a better finish than that 
possible when grinding is done on the climb 
cut (Fig. 6). With up cut, the materials 
removed from the work and the wheel do 
not have to pass over the finished surface. 
Figure 7 shows a tube held in a chuck while 
being threaded internally using a cylindrical 
grinding setup. 





Centerless Grinding 
of Threads 


Centerless grinding is the most produc- 
tive method of grinding screw threads. This 
method is capable of grinding threads of 
classes 2. 2A, 3, 3A, and 7 at high produc- 
tion rates; threads of class 4 and 5A are 
produced at slower rates. 

Wheels for centerless thread grinding can 
also be either single-ribbed or multiribbed 
Grain size ranges from 100 to 320, depend- 
ing on the number of threads per 25 mm (1 
in.) indicated in Tables 1 and 2. Harder 
wheels are used in centerless thread grind- 
ing than for other centerless grinding oper- 
ations on the same materials. Grade (hard- 
ness) ranges from M to R. Wheels of grade 
Q are generally used for such products as 
headless setscrews made of steel at 40 
HRC. Wheel structure is usually fairly 
open. ranging from 8 to 11, depending on 
the wheel manufacturer. 














Fixture clamp up 





n Schematic of a cylindrical grinding setup in 
Fig. 7 м a grinding wheel is generating internal 
threads on о piece of tubing 


Wheel life depends on the type and hard- 
ness of the material being ground, thread 
tolerance, and production rate. Because 
maximum wear occurs at the thread crests 
of the grinding wheel, the wheel must be 
dressed to maintain the tolerance of the root 
of the product thread. Centerless thread 
grinding wheels are dressed by crushing. 

Regulating wheels for centerless thread 
grinding are similar to those used for other 
centerless grinding operations. For preci- 
sion thread grinding, however. regulating 
wh of finer grain size are used. 

Regulating wheels usually revolve in the 
same direction as the grinding wheel (down 
grinding. Fig. а). However. for coarse 
threads (| to 8 coarser), the regulating 
wheel rotates in the direction opposite to 
that of the grinding wheel (up grinding. 
8b). 

Regulating wheels are dressed with a sin- 
gle-point diamond dressing tool. The fre- 
quency of dressing depends on the depth of 
the grooves that develop in the wheel face 
during thread grinding. In general, the reg- 
ulating wheel is dressed each time the grind- 
ing wheel is dressed. but in some operations 
the regulating wheel is dressed only once 
for every two or three dressings of the 
grinding wheel. 

Screw Thread Production. Screw threads 
can be ground from the solid by the center- 
less method. Adjustments are provided to 
accommodate work of different sizes and 
lor varying the rates of feed. The grinding 
Wheel is a multirib type. which consists of a 
series of annular ridges across the face. 
These ridges conform in pitch and profile 
with the thread to be ground. The grinding 
wheel is inclined to suit the helix or lead 
angle of the thread. In grinding threads on 
such work as socket-type setscrews, the 
blanks are fed automatically and passed 
between the grinding and regulating wheels 

















Grinding wheel Regulating wheel 





Work-support blade Workpiece 
(a) 


Grinding wheel Regulating whee! 





Workpiece 


Work-support blade 


(b) 


Fig. 8 


Two methods of centerless thread grinding. 
(o) Down grinding. (b) Up grinding 


in a continuous stream. To illustrate produc- 
tion possibilities, hardened socket setscrews 
of 14-20 size can be ground from the solid at 
the rate of 60 to 70 per min and with the wheel 
operating continuously for 8 h without re- 
dressing (Fig. 9). The lead errors of centerless 
ground screw threads can be limited to 0.0008 
mm/mm (0.0005 in./in.) or even less by reduc- 
ing the production rate. The pitch diameter 
tolerances are within 0.0051 to 0.0076 mm 
(0.0002 to 0.0003 in.) of the basic size. The 
grain size for the whecl is selected with refer- 
ence to the pitch of the thread. The following 
sizes are recommended: 


* For II to 13 threads per 25 mm (1 in.), 150. 
* For 16 threads per 25 mm (1 in.) 180 

* For 18 to 20 threads per 25 mm (1 in.). 220 
е For 24 to 28 threads per 25 mm (1 in.) 
* For 40 threads per 25 mm (1 in.). 400 





Production Practice 


Pitches as fine as 80 threads per 25 mm 
(I їп.) can be ground with conventional 
thread grinding procedures. Special tech- 
niques have been developed for grinding 
threads fine as 400 per 25 mm (1 in.). 
Most threads ground in regular production 
are considerably coarser than 80 per 25 
mm (1 in.). 

A hard thread can be obtained by thread 
grinding because the workpiece can be 
ground after it has been fully hardened. This 
eliminates distortion, which commonly 
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Grinding wheel || 


Regulating wheel 


Fig. 9 Principle of centerless thread grinding. This 
9. 7 method is used to produce headless set- 
screws. The blanks ore hopperfed to position A. Т! 
regulating wheel couses them to traverse the gri 
wheel face, from which they emerge at position B in 
completed form. A production rate of 60 to 70 screws of 
12.7 mm (72 in.) length per min is possible. 









found in workpieces threaded before heat 
ircating, and produces true thread forms 
with the lead and pitch diameter held to 
close tolerances. Limits of 0.005 mm 
(0,0002 in.) or less can be held on pitch 
diameter, and less than 0.0002 mm/mm 
(0.0002 in./in.) on lead tolerances. 

Thread grinding can be used on surfaces 
containing drilled holes, keyways, or other 
irregularities. Shell-type parts are more 
amenable to thread grinding than to other 
methods of producing threads, in which 
pressure from the tool can cause distortion. 
Small worms can be roughed faster by 
thread grinding than by conventional thread 











read grinding is applicable to virtually 
aterials and all hardnesses. On the 
other hand, thread cutting is superior from 
the standpoint of material handling and pro- 
duction rate, especially when the thread 
tolerances are broad. However, these ad- 
vantages of thread cutting are quickly offset 
when close tolerances are required. When 
threads of fine finish and close tolerances 
are needed, thread grinding is more eco- 
nomical than other methods, including 
thread cutting and thread milling. Internal 
threads can also be produced by grinding, 
using a machine especially designed for 
internal threading or a universal machine. 











High-Volume Applications 
of Thread Grinding 

In production quantities, thread grinding 
can be used to produce diverse types of 
threaded parts, as well as other types of 
parts that have helical profiles of particular 
shapes. Table 5 lists commonly used me- 
chanical parts whose threading and similar 
features are often produced by thread grind- 
ing. 

Thread grinding as a metalworking meth- 
od is not limited to parts whose quality 
specifications warrant or even require its 
use. In many cases, thread grinding can be 
the most productive method of producing 
certain part configurations. In such applica- 
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Table 5 Mechanical parts often produced 





һ ground threads or similar features 





Designation. 


Discussion. 


Designation. 


Discussion. 





Cutting tools 
"Thread curting taps 


Micrometer screws 


Taps were the first types of workpieces manufactured 


in high-volume production with ground threads. and 


they still represent one of the principal applic: 





of the method. Thread grinding ensures superior 
accuracy of all the important parameters and сап 


‘produce relieved thread profiles. By grinding threads 
in solid blanks, thread grinding also has а 


Gage and 
instrument racks 


productivity rate exceeding that of only 
approximately equivalent alternative processes. 


Thread cutting dies 





grinding attachments arc 


Universal thread grinding machines wi 
commonly used for 





internal 


ringing the threaded surfaces of these tools and will 
produce threads with excellent dimensional accuracy 


hnd the unique advantage of relieved thread profile 
Both the radial and the tangential types. used in 

threading heads, can be produced on thread grinding 

machines equipped with speci 


Thread cutting. 
chasers 


Translation elements 


Leadscrews and 


devices imparting feed screws 





Straight-line reciprocating motion to the workpieces. 
which are usually mounted in yets. Similar methods 
Сап be used for multirib thread chasers used in lathe 


Work. Round thread chasers are ground on basic 
thread grinding machine equipment. 
Multirib thread milling cutters are 


Thread milling 
utters 


form on the entire peripheral sections between t 
gushes. Producing these relieved profiles by th 


Ball screws und ball 









grinding results in superior accuracy, and thread 


prinding is also faster than the earlier 
Telief-form turning. The relief grinding of the 


milling cutters with helic 
a special attachment 
Gear-generating. 
hobs 





particularly for ensus 





form und spacing, but also for higher cuttin 
of tool edges that are free of decarburization 
Special attachments or thread grinding machines 












Hobe used as the tools of continuously operating gear 
Ming machines generally h; 











nuts 
rally 
manufactured with ground threads that have relieved 
he 
ad 
applied Worms 
gashes generally requires 
єє ground profile: 
ng a high accuracy of tooth 
bility 
Fasteners 


Screws and bolts 


operating with small-diameter wheels, are needed. 


Forming tools 


Crush rolls for 
thread forms. 


Multirib wheels are the m 





ins of very efficient thread 
grinding methods, and crush dressing is the most 


Dommonly used process for forming the wheels. The 


crush rolls are ground on t! 
equipped with devices to grind no-lead (annular) 


thread forms. 
Thread rolling dics 


hread grinding machines 


Both types: the Mat dies and the round dies, also 





sections 


known as thread forming rolls, are ground on thread 


grinding 





reciprocating attachment. Higher thr 


chines. The flat dies require и 





id accuracy 





and hetter service life of the dies are obtained by 














thread grinding than by milling followed by hear 
Treatment Special helical profiles 
Measuring instruments Machine elements 
Thread plug and The accuracy level that thread gages for internal and. ed 





external surfi 
significant parameters. is 





ring gages 


es must satisfy, with respect to all the 
most effectively and 





dependably obtained by thread grinding. Plug gages 





straight and tapered. 


Source: Ref 2 


and (with the aid of an internal grinding attachment) 


Ting gages are ground with all types of profiles, both 


Screw threads are a reliable and sensitive mechanical 
means of imparting accurately controlled linear 
displacement. combined with the ability to display 
Such motions at a high rate of dependably 
proportional amplification. Micrometer screws are 
commonly manufactured with ground threads for the 
highest degree of lead accuracy 

Racks. in combination with pinions or worms, have 
‘tie panenninl. ts produce very sensitively specific 
lincar displacements, whose accuracy ts controlled 
by the shape and spacing of the meshing teeth, 
Thread grinders with special attachments for work 
reciprocation and incremental table traverse are 
suitable for grinding such precise racks. 








The potential advantages of screws serving as 
translation elements, such as the favorable ratio of 
input torque to the resulting translational force, with 
Sensitive and precise motion control, can best be 
implemented hy screws with round threads that сап 
be produced even on very long lead screws 

Screws and nuts connected by recirculating balls 
represent translation elements with excellent force 
tiliciency: they operate with practically no play and 
have very long service lives, Precision-type bull 
screws and nuts, with a circular or gothic-arch. 
hhall-track profile, are produced with high form and 

‘ad accuracy on thread grinding machines 

The efficiency of worm gear drives is particularly 
Sensifive to the accuracy of the driving member. 
Therefore, ground worms, with flank contours 
correct either with respect to the axis or the helix, 
жге often required and produced on thread grinding 
machines adapted to those operations that may need 
Special wheel profiles and very high helix angles. 















High-strength threaded fasteners are preferably made 
by thread grinding becinise of the favorable stress 
distribution that results from the maximum flank 
Contact ensured by accurate flank angles and lead. 
High production rates can be achieved on 
conventional or centerless automatic thread 
grinders. 

Hardened steel machine elements having screw 
threads only on limited sections but in a very 
precise relation to other ground portions of the 
surface are best finished by thread grinding 
Preferably, rhe part is held on the same mounting 
surfaces that were used in the preceding operations 
for producing the locationally related surface 
elements. 














When these must be produced with spe 
precise lead, and excellent surface texture, thread 
frinding may be the best suited or only method 
Standard machines or special equipment is used. 
Examples include metering feed screws and steel 
regulating wheels for special centerless grinding 
processes 





їс contours, 








tions, the accuracy. finish. and other quali- 
ty-related properties of the ground surface 
constitute additional benefits. With respect 
to productivity, the advantages of thread 
grinding over those of alternative methods 
may arise from various conditions, as fol- 
lows. 

Increased Rate of Stock Removal. The 
limiting conditions of chip disposal from a 


confined work area can be overcome more 
easily in grinding than in other metalwork- 
ing methods. 

Wheel Truing. Instead of frequent tool 
changes, only the regular truing of the in- 
stalled grinding wheel needs to be applied. 
often in a manner not interfering with the 
productive cycle time of the operation. This 
property of thread grinding may prove par- 





ticularly valuable in the production of long 
threaded parts, such as leadscrews, where 
the volume of stock removed may exceed 
the edge-holding limits of a single-point 
cutting tool. 

Roughing and Finishing Operations. 
Roughing. even from the solid, and subse- 
quent finishing. can be combined into à 
single operation, using the same tool, by 











Table 6 Principal categories of thread grinding machines 





Category Field of application 


General characteristics 





Toolroom work for single 
pieces or limited volumes 
gencral production of 
Wide range of workpi 
Including special helical, 
annular. or even 
straight-line element shapes 

Construction parts for 
precision machinery with 
threads or worms: thread 
plug gages and thread 
cutting tools: high-strength 
threaded fasteners. and so 
on. produced in medium 
lots or large volumes 


Universal thread. 
ing machines 









Production-type thread 
grinding machines 


Fully automatic tap 
grinders 


Taps are typical, but not 
exclusive, examples of 
small-size threaded parts 
that. by their overall 
dimensions, permit 
automatic work handling 
and are required in volumes 
warranting equipment for 
completely automatic 
operation, 

Single-setup grinding of very 
long, threaded machine 
components, particularly 
leadscrews for machine 
tools, feed and actuator 
screws, and ball screws 
with gorhic-arch thread 
profiles 





Thread grinding 
machines for long 
workpieces 


Production grinding of threads 
on internal surfaces 
principal applications are 
thread ring gages, nuts a 
precision-type translation 
elements (including those 
with ball tracks and Acme 
threads), threading dies, 
and so on 

Workpieces that. because of 
extreme size or a particular 
configuration, cannot be 

commedated on standard 

thread grinding machines. 

Typical examples are parts 

requiring the grinding of 

|| profiles or particular 

feature-generating. 

movements 


Thread grinding 
machines for internal 
threads 








Special-purpose thread. 
grinding machines 














Source: Ref 2 


ly adaptable machine type. several models 

ing with multirib wheels: wide tilt range 

of the wheelhead; capable of relief grinding. Can be 
supplied with many different accessories for 
estending the scope of application to include 

ious profile types and work surface 
configurations 

This category comprises several models with different 
work-size capacities. generally ranging from about 
150 to 300 mm (6 to 12 in.) maximum diameter and 
200 to 1000 mm (5 to 40 in.) maximum length. Some 
of these models have inge gears: others have 
interchangeable thread-generating elements, 
considering the infrequent pitch change needed in 
high-volume production. Many models can operate 
with single-rib or multirib wheels, and depending on 
the design. most or all phases of the grinding cycle 
are automated, with the variables adjustable to suit 
the operational requirements. 

The thread grinders for this type of application are 
manufactured in models using single-rib wheels in 
one-way or two-way grinding at multiple cuts 

igh work speeds and in models using muhirib 

wheels usually operating in a plunge grinding 
system, with wheel dressing by crush rolls or 
diamond rolls. In cither case. the operation is 
continuously automatic, including all the elements 
of the grinding cycle as well as the loading and 
oning of the workpiece. 

tured in different sizes for maximum grinding 

lengths of the order of 4 m (12 f), Some models 

have hollow work spindles to accommodate parts 
er than the grinding capacity; usually operated 

In a two-way grinding cycle: designed to reduce the 

extent of, or to compensate for, thermal effects: 

equipped with various types of wheel-dressing. 
devices; accept special steady rests for providing. 
intermediate support to long and thin workpieces 
which are prone to deflection 

1 with entirely automatic grinding 

ting in different modes, such as 





























































interchangeable master screws and nuts; supplied 
with interchangeable grinding spindles for various 
speed ranges. Grinds right- or left-hand threads. as 
well as annular profiles. and can he used for 
multistart threads, 





Overall design and. ies adapted to the special 
purpose. although the operating principles and the 
methods of wheel dressing are often similar to those 
of general-purpose thread grinders. This category 
also includes such unconventional designs as the 
centerless thread grinding machines 

















changing the infeed rate. The condition of 
the work produced in a single pass is usually 
adequate. thus eliminating the need for fin- 
ishing in a second operation. 





Workpiece Configuration. The repeti- 
tive shape of the screw thread frequently 
permits the use of one-pass plunge grinding, 
producing (by an essentially single turn of 
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the workpiece) the entire threaded section. 
In principle, this is similar to the operation 
of the multirib thread milling cutter, but it is 
generally accomplished with a much higher 
productivity and with superior accuracy. 

Subsequent Machining of the Work- 
piece. Threads or similar profiles can be 
produced along a helical path on a basically 
cylindrical part with ribs having eccentric 
surfaces. The resulting surfaces are thus 
relieved with respect to the leading edge: 
which are located along the individual rib 
boundaries, and the configuration produced 
hly beneficial to the effective opera- 
tion of thread cutting tools, especially taps 
and multirib thread milling cutters, 

















Thread Grinding Machines 

The classification of thread grinding ma- 
chines can be based on the degree of auto- 
mation, distinguishing manually controlled, 
semiautomatic, automatic, and fully auto- 
matic thread grinders. The fully automatic 
classification comprises equipment that can 
operate essentially without attendance, per- 
forming even the loading and unloading of 
the work by automatic controls, Although 
the degree of automation is an important 
consideration in the selection of equipment 
intended for particular production purpos- 
es, thread grinding machines of widely dif- 
ferent systems, capacities, and application 
purposes are available in designs providing 
different degrees of automation. 

A better method of classification is based 
on the principal application of the machine. 
The principal application is usually the gov- 
erning aspect in the design of the variou: 
types of thread grinders. A survey of thi 
classification is presented in Table 6. This 
classification is also a flexible one; overlaps 
will occasionally occur because of the ex- 
panded adaptability of the basic machine 
nd particularly because of the use of op- 
tional accessories 
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THREAD ROLLING (also known as roll 
threading) is a cold forming process for 
producing threads or other helical or annu- 
lar forms by rolling the impression of hard- 
ened steel dies into the surface of a cylin- 
drical or conical blank. Polygonal blanks 
are also thread rolled for the purpose of 
fabricating thread-forming and self-locking 
. The preferred polygonal shape is 
ar and is produced in flat die ma- 








chines. 

In contrast to thread cutting and thread 
grinding, thread rolling does not remove 
metal from the work blank. Rather, thread 
rolling dies displace the surface metal of the 
blank to form the roots and crests of a 
thread. 

Dies for threading rolling may be either 
flat or cylindrical (Fig. 1). Flat dies operate 
by a traversing motion. Methods that use 
cylindrical dies are classified as radial in- 
feed, tangential feed, through feed, plane- 
tary, and internal. ch method is dis- 
cussed in a separate section of this article. 








Capabilities and Limitations 


Most thread rolling is done on blanks 
having a hardness of 32 HRC or less. How- 
ever, threads on fasteners used for high- 
temperature service are rolled in metal as 
hard as 52 HRC. Some metal products such 
us gray iron castings and sintered metal 
pieces cannot be thread rolled because of 
their low ductility. These materials erumble 
rather than conform to the contour of the 
dic. 

All of the commonly used straight and 
tapered thread forms can be rolled. These 
include Unified, International Standard (the 
same as UNR), metric, Whitworth, Acme, 
worm, buttress, screw shell. wood screw. 

















А Two common types of thread rolling dies, 
Fig. 1 ii and cylindrical 


Thread Rolling 


tapping screw, lag screw, and drive screw. 
Thread diameters vary from less than 1.25 
mm (0.050 in.), for instrument threads, to 
380 mm (15 in.); the larger threads can be as 
long as 6 m (20 ft). 

Thread forms of 60° roll easily. In more 
blunt forms, metal flows with greater diffi- 
culty. Threads with fully rounded roots are 
more easily rolled than threads with wide, 
flat roots. Flank angles of less than 10° 
included angle and thread depths exceeding 
one-sixth of the major diameter should be 
avoided, except with the most ductile met- 
als. For multiple threads. a thread depth of 
one-fourth the major diameter for double 
and quadruple lead threads, and one-fifth 
the major diameter for triple lead threads, is 
generally acceptable. 

The rolling process can also accomplish 
many nonthreading operations, such as the 
rolling of splines. helical and annular 
grooves, knurls, and involute teeth. Rolling 
may also be used for burnishing and for 
displacing metal to form flanges and similar 











h. When properly made. 
thread rolling dies impart smooth, bur- 
nished roots and flanks to threads. Rolled 
threads are free of tears, chatter marks, or 
cutting-tool marks common to cut threads. 
Such imperfections nucleate wear and can 
serve as starting points for fatigue failure. 
Surface roughness on rolled threads is usu- 
ally from 0.20 to 0.60 pm (8 to 24 pin.), 
whereas on cut threads it is often 1.63 to 
3.18 ат (64 to 125 pin.) with small ridges or 
unevenness along the flanks of the thread. 
However, because the surface finish of 
thread flanks is extremely difficult to check, 
it is rarely specified on drawings. 

In general, the coefficient of friction of a 
rolled thread surface in sliding contact is 
considerably lower than that of a comparable 
cut thread surface. The coefficient of friction 
between the thread and its mating nut deter- 
mines how effectively a bolt can be tightened 
or a moving screw can transmit power. 
Therefore, the relatively low coefficient of 
friction of rolled thread surfaces provides 
more uniform and consistent tightening of 
fasteners and less loss of power in overcom- 
ing friction when a load is moved by a screw. 
The reduced and more uniform friction of 
rolled threads also contributes to the torque 
control of threaded connections with self- 
locking features. The smoother finish of 
rolled threads also retards corrosion. 





Strength of Rolled Threads. Thread roll- 
ing deforms the blank plastically as it is 
forced to flow along the contour imposed by 
the dies, The worked metal is appreciably 
harder and stronger than the blank prior to 
rolling. Thus. fasteners with rolled threads 
are harder and stronger than those with cut 
threads, as indicated in Table 1. 

Heating thread rolled fasteners made of 
steel above the transformation range during 
a heat-treating process completely relieves 
the favorable compressive stresses induced 
by rolling. Therefore, steel fasteners pro- 
duced by the thread rolling of blanks al- 
ready quenched and tempered to a given 
hardness usually have higher fatigue 
strength than fasteners quenched and tem- 
pered to the same hardness after thread 
rolling. Figure 2 shows this difference for 
the most common range of hardness. The 
different effects of hardness on fatigue 
strength. of bolts that were roll threaded 
before and after heat treatment is illustrated 
in Fig 





Evaluation of Metals 
for Thread Rolling 


The three characteristics that are impor- 
tant in evaluating and selecting metals for 
thread rolling are rollability, faking, and 
seaming. 

Rollability involves ductility and the re- 
sistance of a metal to flow when subjected 
to cold forming in thread rolling dies. Roll- 
ability indexes for 17 steels and for 6 non- 
ferrous alloys commonly threaded are given 
in Table 2. The power required to form a 
given thread shape at a given rate in various 
metals is inversely proportional to the roll- 
ability indexes of the metals. If material in 
an operation is changed for one of lower 
rollability index, the production rate per 
horsepower for a rolled form in that opera- 
tion decreases. For example. if a through- 
feed machine using its full 7.5 kW (10 hp) 
output produces 2-13 UNC-2A threads at à 
rate of 11.5 m/min (450 in./min) in a solid 
bar of steel with an index of 1.00, the rate 
will be only 6.9 m/min (270 in./min) when a 
steel of index 0.60 is threaded in the same 
machine under the same operating condi- 
tions. 

The rollability index also provides a 
means of comparing radial die loads and 
expected die life in rolling two materials 
under identical operating conditions. The 
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Effect of rolling/heat-treating sequence on the fatigue strength of 16 mm (% in.) diam 50840 steel bolts. 
(a) Four different lots that were rolled before being tempered to an average hardness of 22.7, 26.6, 


27.6, and 32.6 HRC. (b) Five different lots that were rolled alter being tempered to an average hardness of 23.3, 
27.4, 29.6, 31.7, and 33 HRC. Harder bolts in both (a) and (b) had fatigue strength toward the high side of the ranges 


shown. 


Table 1 
with rolled and cut threads 


Average mechanical properties of hexagonal-head capscrews 


Data are based on 15 pieces of each size and each threading method, mode of 4027 steel. 








Fatigo Wie. 
Core hardnessia). HRB Tensile strength cycles to 
Screw size and pitch. Type of thread. ‘Shank Thread ares MPa ksi failureth). x 10° 
Du Rolled 82 9 612 91.55 MR 
Cut ю 8? 489.2 70.98 14.3 
1-%.. " Rolled ы 94,5 678.1 98.35 S18 
Cut 91 9 630.5 91.45 21.3 
14-7... Rolled E 96.5 710.9 103.1 68.5 
Cut 9 91 629.9 91.35 493 
(а! Core hardness refers to the hardness ar the area of the centerline of the thread below the pitch diameter. Converted from Knoop 





readings. (h) Fatigme test was tension-tension, 





IS MPa (60 ksi using а preload equal to NPE of maximum. 





radial die loads required for roll threading 
various metals are approximately inversely 
proportional to the rollability indexes of the 
metals. Die life is approximately propor- 
lional to the third or fourth power of the 
indexes if final die failure is due to crum- 
bling of thread crests of the dic. Thus. if a 
die life of 30 000 m (100 000 ft) of threaded. 
rod is obtained when rolling steel having an 
index of 1.00, a die life of about 1800 to 3700 
m (6000 to 12 000 ft) can be expected when 
steel with an index of 0.5 is threaded under 
the same conditions. 

Flaking is related to the shear strength of 
Ihe metal being rolled. Lead and sulfur in 
brass and steel increase susceptibility to 
flaking during rolling. An increase in the 
carbon content of steel decreases suscepti- 
bility to flaking. In general. flaking in- 
creases directly with the amount of previ- 
ous cold working of the blank material. This 
is truc. of almost all rollable metals, and 
especially of the work-hardening alloys 
such as series 300 stainless steel, copper. 











and some aluminum alloys. Annealing prior 
to rolling reduces flaking. 

Work metals may be classified into four 
groups with respect to susceptibility to flak- 
ing: 





ө Group A: Little or no susceptibi A 
regardless of whether or not the material 
was previously cold worked, or regard- 
less of the bluntness of form to be rolled 

9 Group inor susceptibility 

© Group C: Strong suscepti 

© Group D: Excessive susceptibility. which 
precludes the rolling of all but the most 
simple, shallow forms 






Table 2 indicates susceptibility to flaking 
for metals most commonly thread rolled. As 
indicated, all metals listed in Table 2 have 
either minor or strong susceptibility to flak- 
ing. Not many metals can be classified as 
having little or no susceptibility to flaking. 
Copper and some of the extremely ductile 
copper alloys when in the annealed condi- 
tion are sometimes given the A rating. Met- 
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als that contain excessive amounts of free- 
machining additives, such as the specially 
prepared screw-machine s re likely to 
fall within the D class. Also, some metals 
that work harden at an excessive rate (some 
of the stainless st and the less-ductile 
heat-resisting alloys) are likely to fall in the 
D clas 

Seaming. If, during rolling, the work 
metal flows up the flanks of the die threads 
faster than it does at the center of the thread 
form, the displaced metal may fold together 
to form a seam as the metal fills the full 
crest of the thread form, as shown in Fig. 4. 
The formation of seams, or folds, depends 
first on the metal being rolled, and second 
on the shape of the thread form. 

Open seams in the thread crests may 
occur when undersize blanks are rolled. 
The open seams can shorten the service life 
of the thread in a corrosive environment, 
although they are not usually detrimental in 
normal service, in which corrosion is less 
important. 

The softer, more ductile metals usually 
form deeper seams than the harder, less 
ductile metals. Figure 5 shows the types of 
metal flow associated with four degrees of. 
seaming. Table 2 indicates susceptibility to 
seaming for specific alloys commonly used 
for thread rolling stock. 























Preparation and Feeding 
of Work Blanks 


‘The diameter of the blank to be threaded 
is between the major and minor diameters 
of the thread to be rolled, as shown in Fig. 
6. It is common practice to produce blanks 
for rolling Unified Standard threads with 
tolerances greater than 0.05 mm (0.002 in.) 
by extruding. by cold heading. or by shav- 
ing on automatic machines. Most of the 
class 3A threads in the sizes generally used 
have pitch diameter tolerances greater than. 
0.05 mm (0.002 in.). Therefore, they can be 
rolled on extruded, cold-headed, or shaved 
blanks. Some of the smaller class 3A 
threads have tolerances closer than 0.05 
mm (0.002 in.). Blanks for these threads 
should be ground. 
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Open seem ct thread crest 





Seam at crest of thread caused by faster 
metal flow along flanks of die thread 


Fig. 4 

To produce threads having a pitch diam- 
eter within a tolerance of 0.05 mm (0.002 
in. the tolerance of the blank diameter 
should be within 0.013 mm (0.0005 in.). 
Closer thread tolerances can increase the 
cost of blank preparation, sometimes far 
beyond the usual costs. 

Blanks with close-tolerance diameters arc 
ground. Blanks of material not suitable for 
extruding or cold heading, such as titanium 
and some stainless steels. are also ground. 

Blank diameter must be within the toler- 
ance required for the particular size and 
class of thread specified. It is not practical 
to roll threads to a close tolerance except on 
blanks held to appropriate diameter. Over- 
rolling an undersize blank to provide a 
screw of correct size causes premature die 
failure. Maximum die life is obtained when 
the crest is not rolled full. When rolling a 
class 2A thread. for example. the most 
economical procedure is to use a blank with 
a diameter such that the thread can be rolled 
10 the mean class 2A pitch diameter (half- 
way between the high and low limit of pitch 
diameter) and to maintain the major diame- 
ter of the thread just above the lower toler- 
ance limit, 

Relation of Blank and Pitch Diameters. 
‘The thread form is said to be balanced when 
the volume of cavity below the pitch line 

















Workpiece Workpiece 


Worsoiece Workpiece 


c D 
Fig. 5 ^" degrees of susceptibility to seaming 

19. 5 during thread rolling. (A) Negative suscep- 
fibility to form seams. Metal flow adjacent to the die 
surface is slower than in the middle of the roll form. This 
is characteristic of metals having a relatively high coef- 
ficient of friction with the die steel. (B) Negligible 
susceptibility to form seams. Metal flows up with an 
almost flat top during rolling in conventional thread 
forms. (C) Moderate susceptibility to form seams, typical 
of low-carbon steels. (D) Excessive susceptibility to form 
seams. Cavity is likely to be formed under crest of 
thread. 





Table 2 Rollability of alloys 
































Hardness, Roltability Faking 
меш ив indesia) tendeney(b) tendente) 
Carbon and low-alloy steels 
[NNNM E] I B € 
1018 -148 1.08 B t 
1020 156 0,96 B [s 
1095 200 0.47 в B 
1095 есе, ИЙЕ?! 042 n B 
ЇЇ iaaa = d 198 1.00 c ‹ 
117 m sepes ERN 1.03 С c 
1144. 225 0.78 n © 
4140 205 0.93 B c 
4140 24 0.57 в с 
314... 300 042 B B 
4340 ........... 0,45 B B 
8620 . 0.00. B с 
Stainless steels 
303 174 0.46 B 
ие — 150 0.45 в в 
416 Р - 21 0.58 € B 
430 з 5 225 0.56 (9 n 
Nonferrous alloys 
Aluminum, 2017 and 2024 " 135 140 B с 
190 1.55 в B 
e siii 1.00 ‹ B 
Phosphor bronze 130 128 cC В 
Monel " s 25 09 B B 
(a) Index upplies to n I rolled at room temperature. (b) M. minor sisceptibility, C. stront susceptibility. 10 B. neydigable. 
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Nusceptibility, See Fig. 5. which also indicates the Two extremes of seaming tendency (A and 





(Fig. 7) is equal to the volume of metal 
above the pitch line. (Pitch line is defined as 
the location at which the widths of the 
thread ridge and the thread groove are 
equal.) In such threads. the correct blank 
diameter is substantially the same the 
pitch diameter. With metals that are com- 
monly cold headed, the maximum blank 
diameter is generally equal to the mean 
pitch diameter. The optimum blank diame- 
ler varies with different work metals; some 
adjustment may be needed to get the de- 
sired crest formation. Additional dimen- 
sional allowance is necessary if subsequent 
plating is planned. If the form to be rolled is 
unbalanced (Fig. 7). the blank diameter is 
not the same as the pitch diameter. 

Bevel, en Blanks. Ground and extruded 
blanks are made with a bevel at the end or 
ends of the section to be threaded. This 
bevel ranges from 15° to 45°, Blanks for the 
majority of thread rolled products have a 
bevel angle of 30°. Thread rolling, however. 
increases the bevel by 15° to 30°. Therefore. 
the bevel angle on the blank must be less 
than the angle desired on the finished part. 
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In addition to the bevel angle, some 
blanks have a bevel in the area that con- 
nects the section to be threaded with the 
section that will remain unthreaded. This 
bevel, sometimes called the extruding an- 
gle, is usually 30°. 

Feeding. The various thread rolling meth- 
ods employ three basic techniques for feed- 
ing the blank into the dies: 





e Radial infeed: The dic, usually cylindri- 

cal, moves in a radial line directly toward 

the axis of rotation of the workpiece 

e Tangential feed: The die, either cylindri- 
cal or flat, moves past the workpiece on a 
path that brings the pitch line of the 
thread form tangent to the work surface 
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e Relation of blank diameter to pitch line for 
Fig. 7 balanced and unbalanced thread forms 
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Operating principle of flat traversing die 
threod rolling 


Fig. 8 


* End feed or through feed: The cylindrical 
die "tracks" on the workpiece causing 
the workpiece to move axially as it ro- 
tates 





Flat Die Rolling 


Flat traversing dies are the type most 
commonly used for rolling threads in com- 
mercial fasteners and similar parts. One 
technique involves the use of two flat, rec- 
tangular dies; one is stationary, and the 
Other traverses in a plane parallel to the 
stationary die and separated from it by a 
distance equal to the minor diameter of the 
thread to be rolled. 

In another technique, both dies traverse 
the workpiece. Figure 8 shows the most 
common arrangement of dies and work- 
piece. As the blank is forced into the space 
between the dies by a feed finger, it is 
engaged by the forward motion of the 
versing die and caused to roll between the 
threaded faces of the dies. This action forms 
the thread. 

A thread is rolled on one blank at a time 
during the forward stroke of the machine. 
There is no appreciable axial movement of 
the blank during rolling. The diameter of the 
finished thread is controlled by the diameter 
of the blank and the distance between the 
faces of the dies at the end of the stroke. 

Machines. The generic term flat die roll- 
ers encompasses a large and varied family 
of machines that are made in a number of 
sizes, each for a limited diameter range and 
with a specified die length. As a general 
rule, the correct machine size accommo- 
dates a die length that allows the blank to 
complete from six to eight full revolutions. 

Most flat die rollers have the dies i 
side-by-side position shown in F 
of the newer machines also have dies that 
traverse in the horizontal plane, but with 
the faces of the dies at an angle to the 
vertical. The feed track is at an angle. 


























thereby permitting gravity feed down an 
incline into the inserting mechanism. 

Specialized types of vertical and horizontal 
rolling machines also are av; 
izontal traversing unit has dies placed one 
above the other rather than in the usual side- 
by-side position. It is used to roll splines and 
related forms as well as threads. Another 
variation of the horizontal traversing machine 
uses an inclined feed chute at right angles to. 
rather than parallel with, the axis of traverse. 
This type of machine incorporates a different 
method of die alignment. Dies are adjusted 
longitudinally to match the threads of the two 
dies, rather than vertically by shims, as in 
most other machines. 

Dies used in flat die rollers consist of 
matching pairs of rectangular plates, with 
each of the opposed faces having a reverse 
image of the form to be produced on the 
part. Dies are made in various widths and 
are used to roll screws of any thread length 
up to the maximum die capacity. 

The lead angle of flat dies can theoretical- 
ly vary from 0° to 45°, but for producing 
ost standard screw threads, it is less than 
. (Lead angle of the die is defined as the 
angle between the thread form and the 
longitudinal axis of the die.) 

In flat die design, penetration rate is 
primarily governed by the length of the dic. 
Best practice calls for complete penetration 
prior to the last revolution of the workpiece 
in the die. The last complete revolution of 
the workpiece should only iron out small 
irregularities. It is important that the die be 
long enough to prevent an excessive penc- 
tration rate. 

The above principles can be used to roll 
more than one form on a part by use of a 
multiple stack of dies, which are inserted 
one atop the other in the machine and held 
together with a clamp. Thus, many combi- 
nations of forms that would be impossible to 
generate on a one-piece die can be easily 
produced on a multiple die, provided that 
the spread between diameters of the indi- 
vidual forms to be rolled on the same part is 
minimal. In addition to the dies, secon 
tooling is required for feeding, sorting, ori- 
enting, and inserting the parts between the 
dies. 

Capabilities. The flat-die proces 
monly used for all types of straight- and 
taper-threaded commercial fasteners, Flat 
die rolling can produce more than one form 
in one operation, such as two entirely dif- 
ferent types of threads at opposite ends of a 
part, knurling and a thread. or knurling and 
an annular groove, on the same part. 

Duplex face dies can be used for rolling 
straight threads. Such dies have threads on 
both the front and back sides so that they 
provide two rolling surfaces. When the 
screw length is less than half the die width. 
the die can be reversed, top for bottom, so 
that four rolling edges are available for still 
greater economy. 
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Production rates vary widely and usually 
are inversely proportional to the size of the 
product. The small machines are capable of 
producing parts at a rate of 10 000 to 36 000 
per hour. Larger units, producing 9.5 or 13 
mm (% or V^ in.) bolts, can roll 3000 to 
12 000 pieces per hour. Products such as 32 
mm (1% in.) diam bolts are thread rolled at 
much slower rates. ranging from 900 to 3000 
pieces per hour. 

Limitations. In general. flat dies are used 
for threading metals no harder than 32 HRC 
before rolling, although steel as hard as 52 
HRC can be roll threaded. Thread diameters 
are commonly limited to 25 mm (1 in.), al- 
though a few machines can roll up to 38 mm 
(1% in.) diam threads. Thread lengths up to 
265 mm (10% in.) are rolled. These limita- 
tions—hardness, diameter, and length— 
are interrelated so that a workpiece having 
more than one or two of these measure- 
ments near maximum value may not be 
rollable. 

The flat-die method is also limited to 
parts of an overall size that can be accom- 
modated in the machine. Because of inter- 
ference between the part and elements of. 
the machine and die, part size as well as 
thread dimensions must be considered be- 
fore the flat die method is selected for a 
specific piece. 


Radial-Infeed Rolling 


Radial-infeed thread rolling consists of. 
moving a rotating cylindrical die or dies 
radially toward the center of the rotating 
workpiece. The operating principle of this 
method is shown in Fig. 9, 

A minimum amount of axial movement 
between the dies and the workpiece occurs 
during the rolling cycle. This characteristic 
distinguishes infeed rolling from the 
through-feed method of cylindrical-die 
thread rolling. Axial movement is canceled 
by designing the die with an effective lead 
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Fig. 10 iid dies on thread impression made 
by cylindrical dies 


angle equal in magnitude but opposite in 
direction to that on the work. In rolling a 
2-32 double-lead worm thread. movement 
would be as much as 4.8 mm (Yt in.) during 
the rolling cycle if there were no compen- 
sating lead on the die. Axial movement does 
not affect thread quality, but it may restrict 
the ability to produce a full thread clos ü 
shoulder and will reduce the amount of full 
thread that can be produced with a special 
die face. 

The effective lead angle varies slightly 
during die penetration so that some axial 
movement does occur. The amount of 
movement is usually insignificant when roll- 
ing standard threads, but can be consider- 
able when rolling blunt or very deep thread 
forms, or those with large lead angles. 

Dies can be designed to give slight axial 
movement to the blank to increase die life 
or to simplify regrinding of the dies, Move: 
ment of 3.2 to 6.4 mm (% to "A in.) is 
common; movement of up to 13 mm (V in.) 
has advantages in some applications. 

When two or three dies are used. they must 
be matched so that the helical path produced 
by one die is a continuation of that produced 
by the other die or dies: otherwise, there will 
be steps in the product thread (Fig. 10). Dies 
are matched by rotating one or more dies in 
relation to the others, or by moving one or 
more dies axially, to produce a continuous 
helix on the work. 

Cylindrical-die machines capable of in- 
teed thread rolling are equipped with either 
two or three dies (Fig. 9). Two-die machines 
are usually of the horizontal type: that is. 
the workpiece is horizontal during rolling. 
Three-die machines are available in both 
horizontal and vertical models. 

In two-die machines, either one or both 
dies can move radially. If one die does not 
move radially, the work must move radially 
during die penetration. If both dies move 
equally, the work can stay in place. 

Most three-die machines provide equal 
radial movement of all dies so that the work 
position does not change during rolling. A 
few three-die machines have one or two 
stationary dies, and radial movement of the 
work must be allowed for. 

Two-die machines require a work support 
to position the centerline of the work slight- 
ly below (usually about 0.25 mm, or 0.010 
in.) the same plane as the centerline of the 
dies. This offset prevents the workpiece 
from rising out of the dies. A work rest, as 
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shown in the two-die machine of Fig. 9. can 
be used for short, manually loaded parts. 
Larger parts may require additional sup- 
ports. In many instances, the parts can be 
inserted in a tube or bushing, or held be- 
tween centers, to provide proper position- 
ing for rolling. A spring-loaded work stop 
can be used for positioning the part in 
proper axial location. 

The dies in a three-die machine serve to 
locate the part so that often the only fixture 
required for manual loading is а spring-loaded 
work stop to provide correct axial position. 

Lathes and Automatic Machines. Radial 
infeed rolling can be done in lathes and 
automatic bar machines equipped with sin- 
gle-roll or double-roll radial threading at- 
tachments. In these attachments, the cylin- 
drical dies are commonly called thread 
rolls. Figure 11 shows the operating princi- 
ple. The single-roll attachment is a simple 
roll or knurl holder mounted on a cross 
slide. As the cross slide advances, the roll is 
pressed into the workpiece so that it rotates 
with the work and thus forms the thread. 
The travel of the cross slide is controlled so 
that the thread roll in its final position 
produces a thread of correct size. After the 
cross slide completes its full length of trav- 
el, it is rapidly retracted. 

Double-roll radial attachments operate by 
means of a toggle arrangement that causes 
the rolls to close approximately radially to 
contact the rotating work, at which time the 
rolls b: to turn to form the thread. After 
reaching full depth. the rolls and attachment 
are rapidly retracte 

Dies (Rolls). A little axial movement oc- 
curs between the work and the cylindrical 
dies, and it is necessary that the threaded 
length of the dies be about two to three 
threads per product lead longer than the 
length of the thread to be rolled. In practice, 
it is desirable to provide a bevel at cach end 
of the die (Fig. 12); thus, the width of the dic 
face must exceed the length of the thread to 
be rolled by twice the width of a bevel. 

Long bevels with a small bevel angle 
increase die life by reducing breakage at the 
edge of the die. Usually 30° bevels. are 
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Fig. 12 Bevel on o cylindrical thread rolling die 


recommended. although workpiece require- 
ments may necessitate 45^. For the harder 
workpieces, bevel angles of less than 30° are 
desirable: they may need to be as small as 
15° for the hardest rollable metals. 

Die Size. For infeed rolling, the pitch 
diameter of the die must be a multiple of the 
pitch diameter of the finished workpiece. 
For single-lead threads, the number of 
thread starts is equal to the ratio of die- 
to-work pitch diameters. For rolling multi- 
ple-lead threads, the number of dic thread 
starts equals the number of thread starts on 
the work multiplied by the ratio of dic- 
to-work pitch diameters. 

The diameter of dies for two-die machines 
is limited by the size of the machine and 
fixtures and is approximately constant 
regardless of work diameter. For instance. ¢ 
typical two-die machine having the capacity 
for 1.6 to 38 mm (Ие to 17 in.) workpieces 
uses dies that are 125 to 150 mm (5 to 6 in.) in 
diameter for all sizes of work. In general. but 
not necessarily, two-die machines use dies of 
larger diameter than three-die machines for 
threading the same size of workpiece. 

Three-die machines generally cannot use 
dies larger than about five times the work 
diameter, because larger dies will contact 
each other before reaching full thread depth 
in the work. Slightly larger dies can be used 
for rolling multiple-lead threads. The size of 
thread rolls for radial infeed lathe attach- 
ments is determined by the dimensions of 
the attachment being used, rather than by 
the work diameter. 

Supports for Die Spindles. Because of 
the limitation on the die-to-work diameter, 
three-die machines require a series of spin- 
dles and spindle supports, graduated in size, 
to accommodate the entire work-diameter 
capacity range. For small-diameter work. 
the spindles are necessarily quite slender 
and may not be strong enough to roll hard 
alloys or long thread lengths. 

Capabilities. The minimum practical di- 
ameter of a workpiece for rolling in two-die 
machines or attachments is 1.3 mm (0.050 
in.). The maximum diameter is limited only 
by the capacity of available equipment. 
Two-die machines capable of rolling threads 
380 mm (15 in.) in diameter and 400 mm (16 
in.) long are in use. 




















Three-die machines roll threads from 6.4 
to L5 mm (4 to 4/4 in.) in diameter and up. 
to 125 mm (5 in.) long. They are seldom 
practical for rolling threads smaller than 6.4 
mm (!A in.) in diameter. 

The rate of die penetration into the work 
is adjustable; thus metals of various hard- 
nesses can be threaded. Most metals 
threaded by cylindrical dies or attachments 
are no harder than about 32 HRC. Howev- 
er, work metals as hard as 52 HRC have 
been thread rolled on cylindrical dies. Die 
life does deteriorate rapidly when material 
harder than 32 HRC is rolled. 

The versatility of the radial infeed method 
makes possible the rolling of thin-wall parts 
such as tubing or stampings and also some 
metals harder than 48 HRC that would be 
difficult or impossible on other types of ma- 
chine. Rolling of thin-wall parts is discussed 
in а subsequent section of this article. 

The radial infeed method permits rolling 
of threads close to shoulders, with a mini- 
mum of imperfect threads. Also. threads 
can be rolled between two sections of larger 
diameter, as is common when rolling worms 
on large transmission shafts. Threading 
close to shoulders is considered in the se 
tion "Rolling Threads Close to Shoulders 
in this article. 

The three-point support provided by 
three-die machines is advantageous for roll- 
ing parts with irregular or unbalanced over- 
hangs and parts requiring a thread length 
considerably shorter than one diameter. Of- 
ten such parts can be rolled while being 
supported only by the three dies, whereas 
cylindrical two-die machines or other types 
of threading equipment may require expen- 
sive or unwieldy fixturing. 

Radial-feeding single-roll or double-roll 
attachments are used to best advantage for 





















Table 3 Typical applications of cylindi 
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Use of a double-roll attachment for thread 
rolling near the collet of an automatic bar 


Fig. 13 


machine 


rolling threads at the collet end of pieces 
being machined in a lathe or automatic bar 
machine (Fig. 13). Such threads are usually 
behind a shoulder making radial infeed and 
tangential feed rolling (discussed below) the 
only practical thread rolling methods. 
Because double-roll attachments exert a 
minimum of transverse pressure on the 
work, small diameters of considerable 
length can be rolled, and at a much greater 
distance from the collet than with the single- 
roll type of attachment. For example, a 
double-roll attachment can roll a 4-20 
UNF. 19 mm (% іп.) long thread on a 13 mm 
(% in.) diam bar at a distance of 25 mm (1 
in.) from the collet to the first thread. With 
a single-roll attachment, maximum distance 
from the collet is 6.4 mm (М in.). 
Production capabilities of cylindrical-die 
infeed machines vary according to the 
method and equipment for feeding the work 
and the type of work involved. In general, 
hand feeding is not practical at rates above 
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25 pieces per minute. Automatic feeding 
equipment can be installed on two-die or 
three-die machines to produce up to about 
90 pieces per minute. Typical applications. 
of cylindrical-die infeed thread rolling are 
shown in Table 3. 

Limitations. ‘The axial travel caused by 
thread rolling machines when they are pro- 
ducing deep, blunt thread forms or high lead 
angles is not objectionable except when it 
causes interference during rolling of a 
thread close to a shoulder. In single-roll or 
double-roll lathe attachments, the work 
cannot move axially, and roll movement is 
usually limited to approximately one-third 
of the pitch so that rolls must be designed to 
cause a minimum of axial travel. The rolling 
of deep, blunt forms or high lead angles 
requires careful attention to the roll design 
and also to the rate of penetration of the 
rolls. the accuracy of the setup, and the 
condition of the attachment. 

The accuracy of threads rolled by single- 
roll infeed attachments depends on the ac- 
curacy of the cross-slide travel. Thread 
accuracy is limited also because of the 
bending action developed by the force of 
radial-infeed rolling. In some applications, 
back-up rolls, bearing on a plain cylindrical 
surface outside the threaded area, can be 
used to reduce the bending. If a plain sur- 
face is not available or machine tooling does 
not permit the use of backup rolls, single- 
roll attachments are restricted to thread 
rolling near the collet and to short thread 
lengths in the softer materials. 




















Tangential Rolling 


Tangential thread rolling is similar to in- 
feed rolling except that the dies (rolls) are 
fed past the blank on a path parallel to the 


























|. temi —) Die speed, Rate, Die ie, 
Product Steet Thread mm Insertion revimin. pieces/min. pieces 
Infeed rolling 
Adjusting wormta) кө Ye 10. 29 1% 85 8-10 
Armature shaft (worm)(b) 1045 1.7 mm 19 м Manual 45 6 000 
(0.065-in.) pitch 

Armature shaft (worm) 1040 0.280532 E Manual 6 
Double-end stud. 1018 1-8 ОМА 5! 2 Manual Aul 
Feed serewie) . 410 0.330-56 Acme 95 Ma 170 5-10 
Feed serewta) 410 W331 Acme LH 56 Ay 10 
Worm. 4140 Buttresstf) Manual RS B10 
Worm. 8620 Ya-5: 4 starts EJ 123 Manual BO 20 000 
Through-feed rolling 
Threaded rod... 1018 %-16 UNC 1800 12 Automatic 500 6 260 000 

ickserew(g). 1018 1-10 Acme stub. 210 ga Manual 260 à 25 000. 
Setscrew th) 5-19 BSP Fih) 30 2 Hopper : 300 . 
Automatic continuous rolling 
Automotive stud BILLS 16.3 0.640 Hopper 125 500 000. 
Double-end stud 1335 or (ky Hopper 200(d) : 

JOs) UNF-3A(k) 

Double-end stud изи) Y-I UNC) im) Hopper 80) 


(а) Pressure angle. 14007, (b) Pressure angle. NF. c) Pressure angle; 25°: two leads on thread. (d) Both ends. (e) Pressure angle 
‘und through feed rolling: (h) British Standard Parallel Fastener: made of rexulfurized screw stock. (j) Cold drawn, cut to length, 


of 117 mm (58 im.) long stud. tim One end class ЗА. 29 mm (158 in. Tone: the other end, class SA, 25 mm (1 in.) long: total length of std. 


297 (f Modified buttress: 3 starts; 11v threads per inch: flanks HP and Mtg) Infeed 
and ends extruded to blank diameter. (К) Thread length, 14 mm (Vi in.) on cach end 


70 mm (2% in. 
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i Operating principle of tangential-feed 
Fig. 14 fread rolling 


radial path at a distance such that when the 
axis of the roll is opposite the axis of the blank 
the pitchline of the thread form is tangent with 
the surface of the blank. Figure 14 shows the 
operating principle of this process. As the 
rolls advance, they reach maximum penetra- 
tion when the centerline of the rolls is directly 
opposite the centerline of the work. The total 
depth of penetration is determined by the 
amount the rolls are offset in relation to the 
work. As in radial-infeed rolling, only a slight 
axial movement occurs between the rolls and 
the work. 

Machines. Tangential rolling is done in 
lathes or automatic bar machines equipped 
with one-roll or two-roll attachments 
mounted on a cross slide of the machine. 
The rolls are rotated by their contact with 
the rotating work. Two-roll attachments are 
the most common for tangential rolling. 
‘They are available in various sizes: each 
size has a capacity for a range of work 
diameters. Capacity up to a work diameter 
of 65 mm (2% in.) is commonly available, 
and larger sizes are obtainable for special 
applications. 

Capabilities. Tangential feeding attach- 
ments have essentially the same capabilities 
as radial feeding attachments. Some advan- 
tage is gained with tangential tachments 
because the adjustments and control for a 
given size of work are made within the 
attachment rather than by the travel of the 
machine slide. With a two-roll tangential 
attachment, no radial movement occurs be- 
tween the roll spindles during rolling. and 
rolling pressures are greater than in radial- 
infeed rolling. 

‘Threads can be rolled at spindle speeds 
compatible with other ma hining opera- 
tions: therefore. speed changes for thread- 
ing are unnecessary Two-roll. tangential 
rolling produces bending loads somewhat 
higher than the two-roll radial-feeding at- 
tachment, but low enough to allow the 
rolling of threads on relatively hard work 
metals at a considerable distance from the 
collet. For instance. a 19 mm (У in.) long 
12-20 UNF thread can be rolled on a 13 mm 
(V^ in.) diam bar hardened to 30 HRC, ata 
distance of 16 mm (5% in.) from the collet to 
the first thread. 

Limitations. Thread rolling with a two- 
roll tangential attachment is limited primar- 
ily by the size and capacity of the equip- 






































ment. Rolling threads with high lead angles 
or with deep. blunt forms can be trouble- 
some because of axial travel. However. 
with proper attention to roll design and 
setup, using only attachments in very good 
condition, the problem can usually be over- 
come. 

Single-roll tangential rolling produces 
transverse loads capable of bending the 
workpiece. Therefore. this procedure is lim- 
ited to rolling threads of short length near 
the collet in soft materials such as nonfer- 
rous alloys or soft steel (generally no great- 
er than 197 HB). In rolling a 5-20 UNF 
thread next to the collet on а 13 mm (' in.) 
diam bar of 1112 steel. the maximum prac- 
tical thread length would be approximately 
22 mm (Ж in.). As with radial single-roll 
attachments, support rolls can sometimes 
be used to increase this capacity. 





Through-Feed Rolling 


In through-feed rolling, the work moves 
axially through the dies. Through-fced dies 
are designed with a lead angle generally 
different from that of the work. so that the 
part can feed. The dies are made with a 
starting taper, so that the thread is formed 
progressively as the blank feeds through the 
dies. The finish end of the dies also is 
tapered slightly so that rolling pressure is 
released gradually without marking the 
work. 

Feed rate, in terms of feed per work 
revolution, is proportional to the ratio of the 
difference in lead angles of the dics to the 
lead angle of the work. The die lead angle 
can be either greater or less than that of the 
work and may be zero (annular form dies). 
Also, the die lead angle can be the same 
hand as the work (right-hand lead dies to 
produce right-hand threads). 

Machines. Any cylindrical-die thread 
rolling machine is capable of through-feed 
rolling, but the capacity may be restricted. 
Vertical three-die ma es. for example. 
can feed only short lengths because the 
gearbox or other equipment located a short 
distance below the dies prevents passage of 
longer work. In three-die horizontal ma- 
chines, a passage through the gearbox usu- 
ally allows unlimited length, but restricts 
the diameter of long work. Obstructions 
behind the dies of some two-die machines 
limit the length or diameter of the work. 

Machines having no provision for skew- 
ing the spindles are limited to parallel-axis 
through-feed rolling. for which the feed 
rates are low. Most machines, of both two- 
die and three-die types, have infinitely vari- 
able die tilt adjustments up to 10°. This 
permits the use of annular dics, which are 
less expensive and more productive than 
helical dies. 

Most conventional cylindrical thread roll- 
ing machines have one or all dies mounted 
on slides or pivoting arms for infeed rolling. 
































For through-feed roll threading of the full 
length of a blank, the dies are held in the 
closed position by a hydraulic or mechani- 
cal system. Such machines can also be used 
for rolling threads on only a portion of the 
blank, either by feeding through until the 
desired length has been threaded, and then 
opening the dies. or by inserting the work 
between the open dies to the correct posi- 
tion. and then closing the dies so that the 
work feeds out of the dics. Some machines 
designed specifically for through-feed roll- 
ing of the entire workpiece are not equipped 
with die advance-retract mechanisms that 
permit partial-length rolling. 

End-Feeding Attachments. Cylindrical 
through-feed rolling can be done with two- 
die and three-die end-feeding heads. T 
dic heads are used for small work. The 
rolling heads can be mounted on the rotat- 
ing headstock of bolt-threading machine in 
which the blank is clamped to a slide that 
advances the work toward the head. When 
used in an automatic bar or chucking ma- 
chine, the head is mounted on the tool slide. 
which advances it toward the rotating work- 
piece 

The dies are made with annular grooves, 
and the axes of the dies are set at an angle 
with the work axis equal to the required 
lead angle of the product thread. The rate of 
feed per revolution is equal to the lead of 
the thread being rolled, Some heads have 
interchangeable frontplate units that can 
accommodate a range of lead angles. In 
other heads, lead angles are varied by inter- 
changeable bushings. End-feeding attach- 
ments are adjustable to produce correct 
thread size. 

With the dies locked in the closed posi- 
tion, they engage the blank and roll the 
ihread as they pass over the blank or the 
blank passes between the dies, When the 
desired length of thread has been rolled, the 
head opens. and the work is withdrawn 
from the head. When used for continuous 
rolling, the head remains in the closed po- 
sition at all times. 

Dies for through-feed rolling are usually 
relieved at both ends. Through-feed dies for 
Acme. worm, or other wide threads often 
have a modified, pointed thread form at the 
starting end for efficient penetration into the 
blank. 

The number of thread starts. which, to- 
gether with the diameter of the die, deter- 
mines the lead angle, is different for 
through-feed rolling on c: indrical machines 
than for infeed rolling a similar size thread. 
Compared to infeed dies of similar diameter 
for a specific thread. the through-feed dies 
may have more or fewer starts for parallel- 
axis rolling. or no thread starts (annular 
form) for skewed-axis rolling. 

Capabilities. Through-feed rolling is ap- 
plicable to threading the full length of a 
cylindrical part of uniform diameter and to 
threading one or more sections of the larg- 
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est diameter of a multiple-diameter cylindri- 
cal part. End-feeding heads are used for 
straight and tapered threads. Annular rings 
can be produced by through-feed rolling in 
skewed-axis dies or rolls. Typical examples 
of parts made by through-feed rolling are 
commercially threaded rod, high-strength 
studs, headless set screws, threaded mount- 
ing tubes for electrical fittings. pole line 
hardware, recirculating ball screws, and 
jackscrews of all types. Threads are 
through-feed rolled to partial length on parts 
such as compressor studs, large-di 
cap screws, clamp and jackscrews 
heat-exchanger tubing, and reinforcing 
rods. Three specific applications of 
through-feed rolling are given in Table 3. 

Most thread rolling machines and heads 
except the three-die vertical types are vir- 
tually unrestricted in the length of bar that 
can be threaded. Mill length bars or tubes 3 
to 5 m (10 to 16 ft) long are commonly 
threaded. Heat exchanger tubing is through- 
feed rolled to produce integral fins in 
lengths up to 15 m (50 ft). Sometimes it is 
economical to through feed parts of short 
length. For example, blanks for socket set 
screws and various types of studs are thread. 
rolled at high production rates. 

Rods or parts up to 6.4 mm (VA in.) in 
diameter can be through feed rolled at 
speeds up to 20 m/min (800 in./min) depend- 
ing on the type of machine, available horse- 
power, and hardness of the blanks. Larger 
sizes will feed slower; 300 mm/min (12 in./ 
min) is a typical speed for 75 mm (3 in.) 
diam steel parts at a hardness of 22 HRC. 

In many applications, a larger thread can 
be rolled in a given machine by al- 
length through-feed rolling than by infeed 
rolling. Threads of very small diameter. 
such as 0-80 UNF, can be through-feed 
rolled on two-die machines or end-feeding 
heads. Three-die machines usually cannot 
roll threads smaller than about 6.4 mm (Ys 
in.) in diameter because of die interference. 
Machines are available for 115 mm (472 in.) 
diam work up to about 0.6 m (2 ft) long. 

Standard end-feeding attachments are 
available for threads up to 230 mm (9 in.) in 
diameter. Feed rates depend on the maxi- 
mum speed at which the head or work can 
be rotated with the available horsepower. 
Feed rates of 7.6 m/min (300 in./min) are 
common for thread sizes up to 16 mm (% 
in.) in diameter. Most standard heads have 
clearance holes through the center so that 
long thread lengths can be rolled. The max- 
imum length depends on the ability of the 
equipment to grip the workpiece to prevent 
rotation or excessive torsional windup of 
the piece. 

All of the common thread forms can be 
Ihrough-feed rolled, including blunt forms 
such as Acme and worm threads and ball- 
screw forms. Threads of very blunt form are 
produced with less difficulty by through- 
teed rolling than by infeed rolling. 
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Fig. 15 Operoting principle of planetary thread 
g rolling. More than one segment die may 
be used. 


Limitations. Like other types of cylindri- 
cal rolling, the process is limited primarily 
by the characteristics of the equipment be- 
ing used. 


Planetary Thread Rolling 


Planetary thread rolling machines have 
one central rotating die on a fixed axis and 
one or more stationary concave segment 
dies located near the outside of the rotar) 
die, as shown in Fig. 15. One or several 
blanks may be rolled on a segment die at 
one time, depending on the gearing of the 
starting mechanism. 

‘The starting end of the segment is adjust- 
ed so that the blank contacts both dies. As 
the rotary die revolves, the blank is rolled 
between the dies until it traverses the full 
arc of the segment die, after which it drops 
out of the threading area. 

For most applications, the finish end of 
the segment die is adjusted to produce the 
desired thread size. However, when rolling 
easily work-hardened parts, the dies may 
have to be adjusted so that the starting end 
of the die does most of the work and the 
finishing end does little, the part being com- 
pletely formed by the time it is halfway 
through the die. Final thread size, however. 
does not depend entirely on correct adjust- 
ment of the die; hardness and size of the 
blank can cause variations. The effect of 
blank hardness is illustrated by the example 
that follows. 

Example 1: Effect of Hardness of Blank 
on Thread Dimensions. The effect of blank 
hardness on thread dimensions (primarily 
pitch diameter and major diameter) was 
investigated in an effort to reduce the rejec- 
tion rate of 4-40 UNC-2A machine screws. 
(Rejection was for undersize pitch diameter 
and major diameter.) The screws, which 
were made of 1038 steel cold heading wire, 
were produced in an automated planetary 
die threader. Blank diameter was 2.35 to 
2.36 mm (0.0925 to 0.0930 in.). A rejection 
rate of not more than 0.1% was cpted. 

Blanks of four different hardness levels 
were threaded: 60 HRB, 95 HRB, 28 HRC, 
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and 32 HRC. Blank diameter was held with- 
in specified limits, and the same type of 
lubricant was used for all tests. Results are 
shown in Fig. 16. Some endwise stretching 
in the softer blanks was observed, probably 
because the part was short and of small 
diameter. The harder blanks work hardened 
perceptibly, resulting in undersize thread 
dimensions and shorter die life. Other de- 
tails of the threading operation are listed in 
the table that accompanies 1 

Machines. Planetary machines are made in 
several size ch having a different maxi- 
mum rolling capacity. Although machines are 
usually rated on the basis of nominal work 
diameter, the blank hardness and length of 
thread rolled have considerable influence on 
the practical capacity of a machine. 

"The basic planetary machine is compara- 
tively simple, consisting of a spindle for the 
rotary die; a mounting block for the seg- 
ment die, which also provides size adjust- 
ment; and a starting mechanism for insert- 
ing the blanks. The starting finger is 
adjusted by means of gearing or an adjust- 
able cam, so that the workpiece is inserted 
at the exact point on the rotary die where it 
is in match with the segment. There is one 
such match point for cach thread start on 
the rotary die. The number of thread starts 
varies from 10 to more than 100: however, it 
is seldom possible to feed a blank into the 
die at every thread start. Planetary ma- 
chines usually can feed from three to eight 
parts per die revolution, depending on size; 
five pieces per revolution is common for 
this mass-production process. 

To make use of the high production ca- 
y of planetary machines, automatic 
feeders are essential and are generally sup- 
plied a: integral part of the machine. 

Dies. Lead angles are similar to those of 
radial infeed and flat dies; therefore, axial 
travel is at a minimum. Bevels are similar to 
those used on other types of dies. 

Planetary dies vary in diameter from 100 
to 350 mm (4 to 14 іп.): the most commonly 
used machines have dies approximately 180 
mm (7 in.) in diameter. The segment die has 
an inside radius (IR) equal to or slightly 
greater than the sum of the rotary die radius 
and the minor diameter of the threaded part. 
The width of the dies can be the maximum 
accepted by the machine or can be much 
narrower when short-length threads are 
rolled. Dies for straight threads, such as 
those on machine screws can be reversed so 
that both the upper and lower portions can 
be used for screws that have a thread length 
of less than half the die width. 

The maximum length of the segment die is 
limited by the length of the pocket in which it 
is held. Shorter dies are used for small-diam- 
eter work so that the work receives the prop- 
er number of revolutions during rolling. Be- 
cause the surface of the rotary die is longer 
than that of the segment die, the rotary die 
generally has a longer life. 
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(a) (b) 
Thread - 3-40 UNC-2A by 6.4 mm (А in.) 
Blank diameter 2.35-2.36 mm (0.0925-0.0930 in.) 
Machine No. 10 planetary die threader 
Operating conditions 
Die speed, revimin 90 
Feed rate(a), pieces/rev 4 
Cutting fuid Soluble oil 
Production rate, pieces/min 300 
Cost breakdown 
Material, % 15 
Manufactureth). % 65 
Finishic), "f » 
(à) Material was fed into dies hy a four-lohe cum. (b) Inclides overhead. (ci Zinc chromate finish by the barrel method 





Fig. 16 Effect of blank hardness on (s) major and (b) pitch diometers of machine screws made of 1038 steel 


Planetary dies for gimlet-pointed screws, 
such as type A and AB sheet metal screws, 
are very similar to flat dies for the same 
screws. The length of the segment die is 
equivalent to one flat die, and the circum- 
ference of the rotary die is usually equiva- 
lent to five segments and is capable of 
threading at least five pieces during each 
revolution of the die. 

Capabilities. Planetary thread rolling ma- 
chines can roll most of the smaller parts that 
can be rolled on flat die machines. Production 
rates of planetary rollers are higher than those 
of other types of thread rolling equipment. 
Rates of 3000 pieces per minute can be 
reached on small pieces. The practical limit of 
production rate depends on the ability to feed 
the blanks rather than on speed of rolling. 
Planetary rollers lose their economic advan- 
tage over other equipment when it is neces- 
sary to reduce the production rate in order to 
feed difficult parts properly, or when quanti- 
ties are too low (for instance, less than | 
million 6.4 mm (1⁄4 in.) screws). 















Because they are produced in large quanti- 
ties and can be fed easily, headed parts com- 
prise most of the production on planetary 
machines. Typical products are machine 
screws; types A, AB, and B sheet metal 
screws; and drive screws. Size of product 
ranges in the popular machine sizes are No. 4 
machine screws to 16 mm (% in.) diam 
screws, although machines with capacities up 
to 29 mm (1% in.) have been built. 

Limitations. The cost of rotary dies is in 
proportion to die size. Die cost per piece 
produced is generally competitive with oth- 
er types of dies, but unless volume is high 
enough to use up the available die life. large 
inventories of dies will accumulate. 











Continuous Rolling 


Continuous rolling is a high-production 
method suited to cylindrical-die machines. 
The method uses two cam-type segmental 
dies. maintained at a predetermined center 


distance. as required for the desired pitch 
diameter. 

Workpieces are fed from a hopper or 
magazine to a revolving cage-type workrest 
that indexes them into and away from the 
rolling position. Depending on the number 
of die segments, one, two, or three work- 
pieces are threaded for each revolution of 
the dies. 

Continuous rolling in a two-roll cylindri- 
cal-die machine provides the highest rate of 
production for headed workpieces. This 
method is applicable to the threading of 
double-end studs and similar parts. Threads 
of different diameters. pitches, and toler- 
anc well as those of identical specifi- 
tions, can be produced in a single pass. 
Parts can be rolled to produce threads on 
one end and knurling or splines on the 
other. 

When thread rolling double-end studs, 
two sets of cam-type dies are used. Each 
spindle contains two dies maintained a fixed 
distance apart, depending on stud size. 
Both ends of the stud can be rolled simul- 
taneously when thread diameters are the 
same. Except for studs larger than about 19 
mm (Уз in.) in diameter, segmented dies can 
be used to roll different pitches on the two 
ends of a stud in one spindle revolution. 

Studs and similar parts up to 19 mm (% 
im ) in diameter and 345 mm (13% in.) long 

have been produced by this method. Pro- 
duction rate varies with size and shape of 
the part. Three applications of continuous 
rolling are shown in Table 3. 

Threads on double-end studs 8.0 mm (Yio 
in.) in diameter and 120 mm (4% in.) long 
can be produced at a rate of 240 complete 
parts per minute by this method. 

















Internal Thread Rolling 


The rolling of internal threads requires 
dies of comparatively small diameter, which 
greatly limits die life and the load-carrying 
capabilities of die bearings and spindles. As 
а result. internal thread rolling is limited in 
its use. However, it has been used success- 
fully for forming helical fins on the internal 
surfaces of heat-exchanger tubes and for 
rolling internal threads in pipe couplings. 

Internal threads can be rolled by impress- 
ing the inside surface of a workpiece shell of 
suitable wall thickness onto a close-fitting 
threaded mandrel, as shown in Fig. 17(a). 
Pressure is provided by three or four rotating. 
plain external dies. The workpiece and man- 
drel may be clamped in a stationary position 
with the dies mounted in a rotating die head, 
or the dies may be stationary while the work 
and mandrel rotate. lt is necessary to un- 
screw the part from the mandrel after thread- 
ing has been completed. 

To be thread rolled internally, the work- 
piece must be made of highly ductile metal 
such as aluminum. brass, or low-carbon 
stecl. The wall must be thick enough to 
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Fig. 17 (wj; threaded mandrel. (b) Wilh a 
threading die that is considerably smaller than the inside 
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provide adequate material to fill the die 
thread, but not so thick that the external 
dies are prevented from creating sufficient 
load to cause the threaded mandrel to pen- 
etrate the workpiece. 

Parts have also been threaded internally 
by using a smaller, threaded mandrel or die 
and a single, plain external die or support 
roll, as shown in Fig. 17(b). In this proce- 
dure, the part feeds axially when a single- 
start thread is being rolled. Dies can roll a 
multiple-start thread with a minimum of 
axial movement. Cold form tapping. dis- 
cussed in the article ""Tapping" in this 
Volume, is another method of producing 
internal threads by metal displacement 
without the production of chips. 


Selection of Rolling Method 


Table 4 shows approximate ranges of 
production rates for different types of 
thread rolling equipment. Actual production 
rates depend on the condition of the 
chine being used, the work-handling equip- 
ment, the type of workpiece, and the metal 
being rolled. The quantity of pieces to be 








rolled is also an important factor in the 
selection of a machine. 

In general. a low volume of identical parts 
(up to several thousand pieces) can be pro- 
duced most economically on a hand-fed flat 
die machine. Hopper feeding is usually 
most economical for more than 10 000 piec- 
es. Depending on the size of part, a produc- 
tion run of more than 100 000 pieces can 
often be produced most economically on a 
planetary-die machine. 

In onc operation involving standard hexa- 
gon-head screws ranging from 6.4 to 9.5 mm 
(A to У in.) in diameter, the optimum run 
for a hand-fed flat die machine was approx- 
imately 10 000 pieces. The hopper-fed flat 
die machine was best for quantities between 
10 000 and 400 000 pieces, and the plane- 
tary-die machine proved to be the most 
practical for runs of more than 400 000 
pieces. 

"The quantity of pieces economically pro- 
ducible on cylindrical-die machines is diffi- 
cult to assess. These machines can roll 
special thread forms, and the parts pro- 
duced are frequently of superior quality. 
including greater precision. They also can 
roll a greater range of diameters than either 
flat die or planetary-die machines. Selection 
of a single machine that is suitable for a 
variety of applications is discussed in the 
example that follows. 

Example 2: Equipment for Varied Prod- 
uct Mix in Quantities from 50 to 1000 
Pieces. Various products produced in one 
plant were originally threaded by cutting 
tools in secondary-operation equipment. 
Thread sizes ranged from 6.4 to 25 mm (V4 
to 1 in.) in diameter and from two diameters 
to 300 mm (12 in.) long. Production quanti- 
ties ranged from 50 to 1000 pieces. Although 
thread cutting produced a quality product. 
the company decided to purchase thread 
rolling equipment capable of rolling class 
2A and 3A threads and of handling the 
varied product mix. The various types of 
thread rolling equipment were considered. 
and selection was based on the factors 
discussed below. 























Table 4 Approximate range of production rates of thread rolling 


equipment 





I — — Iefeed rolling, threads per minute 


1 Through-feed or end-feed 











Cylindrical die rolling. threads per minute 
Thren diametër Fade 1 singe Multiple Rotary ана. 
mm in. traversing revolutionța) planetary axis dies 
32 ж . 40-500 75-300 450-2000 140-280 
64 40-400 60-150 250-1200 200-450 
n . 25-90 50-100 100-400 110-300 
19 20-60 . 80-300 
25 15-50 70-300 
3 E 50-200 
Ш 30-140 
ы 20-90 
76 15-40 
100 5-10 
125 





150 





la) Two threads can be rolled on double-end studs in one die revolution in some machines. 
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Traversing Flat Die Machine. Die and 
setup costs for this equipment were favor- 
able, and a high production rate could have 
been obtained for most of the thread lengths 
involved. The limited diameter capacity, 
however, would have necessitated the pur- 
chase of more than one size machine in 
order to include the total range of thread 
diameters of the product mix, and this in 
turn would have been unsuitable for the 
long thread lengths required and the variety 
of workpiece configurations. 

Planetary-Die Machine. The quantity of. 
parts to be threaded was insufficient to 
warrant the purchase of this high-produc- 
tion type of equipment. Also, die cost per 
piece would have been excessive, and the 
machine would have been unsuitable for the 
long thread lengths required. 

Cylindrical-Die Machines. Thi: 
equipment would have been sati 
from the aspect of versatility in appli 
to the product mix. Infeed rolling could 
have been used for the short thread lengths, 
and through-feed rolling could have been 
used for the long thread lengths. Two-die 
and three-die machines were available, and 
setup time would have been about the same 
as for other machines of similar capacity. 
However, because these machines rotate 
the workpiece, it was doubtful that the 
equipment could have been used for all 
siz es of product. 

End-Feeding Heads. Thread-rolling ma- 
chines equipped with end-feeding heads 
(thread rolls) could have rolled both short 
and long threads. Because each head could 
have rolled only a limited range of thread 
diameters, several sizes would have been 
required for the product mix involved. Set- 
up of the machine and changing of the head 
would have been done easily and quickly. 
Cost of thread rolls was low because of their 
small size. Because end-feeding heads ro- 
tate around the workpiece, simple work 
holding fixtures could have been employed. 

Selection. The equipment selected was a 
thread rolling machine equipped with end- 
feeding heads. Although a cylindrical-die 
machine would have been suitable for the 
work required in this plant, it was more 
expensive. Final selection of the machine 
with end-feeding heads was based on the 
low cost of heads and thread rolling dies and 
the simplicity of fixtures needed for holding 
the work. 





type of 

















Factors Affecting Die Life 


The life of thread rolling dies is deter- 
mined primarily by the rate of deterioration 
of the profile of the die threads. Rolling 
imposes severe stress on the dies from 
pressure and bending and sliding action. 

Dies usually fail by spalling and crum- 
bling of the thread crests, which roughens 
the minor diameter of the product thread 
and causes the screw thread to go out of. 
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Table 5 Noi al die life for three thread rolling methods 
T Die life 1 
p^ «нана dis — 1 
Thread diameter Through-fecd 
mm in. Flat die pieces infeed, pieces km  nmxie 
Threading steel at 85 HRB 
(550 MPa, or 80 ksi, tensile strength) 

64 - 700 000 350 000. n w 
(Ы 625 000 315 000 9 е 
25 450 000 245 000 5 5 
E 190 000 91 W 
ы 125000 53 17.5 
x9 70 000 21 7 
us 18 000 - 

‘Threading steel at 30 HRC 
(965 MPa, or 140 ksi, tensile strength) 

$4 Vee 35 000 20 000 аз M 
3 и 32000 18 000 38 125 
A 24 000 14 000 з и 
зж 11 000 1806 
ы 7000 U 35 
E 4000 04 14 
us 1000 

tolerance. Failure is probably caused by action of scale or dirt on the surface of the 


fatigue [rom the stresses imposed in rollin; 
"The best products and maximum die life can 
be obtained only when the dies are properly 
set up and the correct dic speed and number 
of blank revolutions are used. The surface 
of the material being worked should be 
relatively free of oxide and scale. 

Spalling or chipping may be the direct 
result of endwise extrusion or stretching of 
the blank during rolling. over-rolling. im- 
proper blank design, or inferior design or 
quality of tools, When spalling occurs, rel- 
atively large pieces are broken out of the 
threads of the tools. This failure usually 
occurs near the edges of the tools or in the 
tool area where the ends of the blanks are 
rolled. 

Spalling is frequently the result of having 
improper bevels on the blanks and tools, or 
of excessive tool hardness, Excessive vari- 
ation or irregularity of blank diameter and 
hardness increases susceptibility to spal- 
ling, as does contact between the edge 
thread on the tools and the shoulders and 
fillets on the workpiece. Mismatching of the 
tools during rolling imposes transverse 
loading on the tool threads and causes spal- 
ling. 

When crumbling takes place on the crests 
of die threads, failure usually starts in the 
more highly stressed rolling areas and grad- 
ually spreads over other portions of the die 
threads. Excessively sharp die crests are 
subject to greater initial crumbling action. 

Useful tool life is greatly affected by the 
hardness and work hardening characteris- 
tics of the metal being rolled. Premature 
failures may be minimized by preventing 
over-rolling and by using clean blanks of 
correct. uniform size and hardness. 

The wear of thread rolling dies seldom 
need be considered. When wear does occur. 
it is primarily associated with the abrasive 














blanks, or the use of contaminated coolant. 
Deep threads are generally subject to the 
most rapid abrasive wear because of the 
greater amount of sliding action between 
workpiece thread and die thread. The roll- 
ing of deep threads of comparatively short 
length and small minor diameter may result 
in excessive extrusion of the blank, which 
causes permanent bending or chipping of 
the die thread profile at the end of the blank 

Die life ranges from millions of pieces for 
soft work metals to a few hundred pieces for 
hardened steels. Table 5 shows the approx- 
imate relationship between die life and 
method of rolling different thread sizes in 
steel at 85 HRB and 30 HRC. 

















D2 tool steel 
(2 des 
Low-varbor 
ste’ baits 


a | 


ó 182.3 4 $ 
Die lite, millions of bolts 


Number 








H Distribution of die life of 72 dies used for 
Fig. 18 ains low-carbon steel bolts in a 13 
тт (72 in.) boltmoker machine 


Even when production conditions are as 
nearly constant as is feasible, die life can 
vary greatly, as illustrated in Fig. 18. Sev- 
enty-two identical thread rolling dies, made 
of D2 steel by hobbing before hardening. 
failed with the die life distribution shown in 
Fig. 18. These a for dies of the same 
design and tool steel. all used for rolling the 
same threads on the same blank material, 
represented about the narrowest variation 
of factors affecting die life possible in nor- 
mal production. 

Fine Threads. Dies for rolling 40 or more 
threads per inch, especially with class ЗА 
fits, require greater precision than do dies 
for rolling coarse threads, but they impose 
less cold work on the blanks during rolling 
and have longer life. Fasteners with the 
closest tolerances and finest pitches require 
grinding of dies after hardening to achieve 
required accuracy. 

Die Life Versus Hardness of Blank. In- 
creasing hardness of the blanks being rolled 
shortens die life, Figure 19(a) shows the ap- 
proximate average life of a number of flat dies 
made of D2 tool steel in rolling V4-20 threads 
on 1022 steel blanks of various hardnesses. 
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19 Relation of die life to hardness and diometer of blank, (a) Die life versus hardness of blanks of 1022 
e steel threaded with flat dies of D2 tool steel. (b) Die life versus hardness of blanks of aluminum or brass 


threaded with cylindrical dies of A2 tool steel. (c) Die life versus diameter of steel blanks threaded with standard flat 
dies or with speciol-contour dies in baltmokers, and of aluminum and brass blanks threaded with cylindrical dies 





Workpiece 


i Effect of three different thread forms on 
Fig. 20 о formation ot thread crest, ond the 
rolled shape of the workpiece at three levels of die 
penetration (30, 60, and 90%) 


Some of the tests were run on hardened 
blanks, including the two hardest specimens 
plotted. On blanks harder than 94 HRB, die 
life was low and inconsistent, The shaded 
portion of the curve indicates both the 
spread and inconsistency in die life. A blank 
hardness of about 32 HRC is the limit for 
normal thread rolling. 

Figure 19(b) shows minimum and maxi- 
mum die life versus hardness of the screw 
blank for a large number of circular dies 
made of A2 tool steel. These dies were used 
mainly in rolling fine-pitch threads on parts 
made mostly from free-cutting brass and 
aluminum alloys. The data include some 
high-production runs in which conditions of 
setup and blank material were nearly ideal. 
Therefore. the average life of cylindrical 
dies would be less than the mean between 
the two curves shown. Also, dies that roll 
fine threads on small parts have longer 
average life than those that roll coarser 
threads on larger parts. 

Figure 19(с) shows the relationship be- 
tween die life and diameter of threads rolled 
on aluminum and brass with circular dies 
and on steel with flat dies. The upper and 
lower curves relate to A2 circular dies, most 
of which were ground after hardening and 
used primarily for rolling fine-pitch threads, 
the majority of them being special threads. 
The original data indicated no detectable 
difference in die life between aluminum and 
brass at a hardness of about 88 HRB. 

The curve relating to 1016 and 1020 steel 
gives the average life in a single setting of 
several hundred D2 dies with special con- 
tour on entering threads and used as hard- 
ened after machining. The other curve gives 
similar data for 1010 and 1038 steels on 
machines of the traversing type. 
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Table 6 Specifications for high-quality rolled threads on ground and 


extruded blanks 






































R (min T min 
I p (pitch) | 1.25 (min) runout radius) root radiuska) 
cum. in. mm in. mm in. mm in. 
- 07938 0.03125 020 0.008 0.30 0.012 0.08 0.003 
. 0.9070 0403571 023 0.009 0.33 0.013 0.10. 0.004 
0.04167 0.25 оош 038 0.015 013 0,005 
0.04167 025 0.010 0.38 0.015 0.13 0.005 
0.05000 0.30 0.012 0.46 0.018 0.15 0,006 
0.05000 0.30 0.012 0.46 0.018 0.15 0.006. 
0.05556 0.36 0.014 0.5! 0.020 0.15 0.006 
0.05556 0.36 0.014 0.51 0.020 0.15 0.006 
0.06250. 041 0.016 0.58 0.023 OAR 0,007 
on of thread 
xirusion 
У 2p imax) incomplete 
threads including 
* chamter 
End of thread runout 
J OSR 
| l 
Extruded blank 
R 
Ground bilan 
wept a "go" thread gage. (b) Radius at root of runout thread must not 











Unusual variables can alter die life con- 
siderably. For example, rolling 16 mm (% 
in.) diam hot-rolled 1040 steel blanks that 
were nonuniform in diameter. scaled, and 
unannealed, has reduced die life to only 
45 000 pieces. 


Effect of Thread Form 
on Processing 


The form of the thread affects the radial 
die load. seam formation, surface finish, 
and thread dimensions 

Radial Die Load. Greater loads are re- 
quired as the form becomes more blunt. For 
example, if a radial load of 45 kN (10 000 
ТЫР is required to produce а /^-13 UNC 
thread 50 mm (2 in.) long. a radial load 40 to 
70% greater would be required to roll a 











12-10 Acme thread under the same condi- 
tions. The amount of increase in load is 
determined by the blend radii on the crest of 
the die thread and by the degree of fullness 
of thread required. 

Seam formation at the crest of the thread 
is greatly affected by the shape of the thread 
form, as indicated in Fig. 20. Sharp crests 
on the dies cause sharper seams than those 
produced when a wider form is rolled more 
deeply. 

Surface finish is usually independent of 
the form for 60° threads. However, as the 
thread form becomes more blunt, or if it has 
sharp root corners, the normal, smooth flow 
pattern of the metal being rolled is altered. 
Restriction of metal flow may cause local- 
ized subsurface shear failures. During sub- 
sequent die contacts, these shear failures 
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Effect of thread form and die penetration 
on the relation between pitch diameter 


Fig. 21 


and outside diameter of the thread 


form small flakes 
surface finish. 

Thread Dimensions. Table 6 shows prop- 
er specifications for thread rolling high- 
quality threads in ground and extruded 
blanks. It is worth noting that no specifica- 
tion for chamfer angle on the end thread is 
required. In addition to the dimensional 
details tabulated and shown in the inset 
illustration. principal dimensions such as 
the major and minor diameters should, of 
course, be specified. 

Changes in the thread form affect the 
relationship between pitch (p) diameter and 
outside diameter of the thread. Figure 21 
shows that if à standard 60° thread form 
with a typical sharp thread crest is not quite 
fully rolled. an additional die penetration of 
0.025 mm (0.001 in.) on the diameter. with a 
commensurate reduction in the pitch diam- 
eter, results in an increase of 0.08 mm 
(0.003 in.) in the outside diameter until the 
thread form is filled. 

For the more blunt Acme thread, the 
outside diameter increases at only about 1/2 
limes the rate of decrease of the pitch 
diameter until the material fills the form 
through the crest radii. 

The class of thread affects the size of the 
blank diameter and the major and minor di- 
ameters for а given thread. Classes ТА, 2A. 
and 3A threads of the same size and pitch in 
the American Standard series can be rolled 


which downgrade the 











Table 7 Operating speeds of thread 
rolling and thread cutting tools 











Surface speed 
Toot min stm 
‘Thread rolling tools 

Flat traversing die 30-100 100-325 
Cylindrical die 20-180 70-600 
Lathe attachments .. 20-90 70-300 
Thread cutting tools 

High speed steel tools ....... 3-45 10-1508) 
Carbide tools е 75 250 


үа} Speed range for threading aluminum. copper. steel, and Monel 





with the same die. However, a different die 
may be required for rolling a given thread of a 
class other than 1A, 2A, or 3A. 


Surface Speed 


Permissible surface speeds for thread 
rolling are governed by the mechanical 
power limitations of the threading equip- 
ment and, when the workpiece is rotated, 
by the speed (rev/min) of the workpiece or 
of the holding equipment used with end- 
feeding heads. 

Table 7 compares die surface speeds in 
modern thread rolling equipment with the 
surface speeds of thread cutting tools. Table 
8 shows the approximate thread rolling time 
for different spindle speeds used with tan- 
gential-infeed double-roll attachments. 








Penetration Rate 
and Load Requirements 


The total die penetration per revolution of 
the blank varies with different machines. 
the kind of work, and the type and hardness 
of the metal being rolled. Low penetration 
rates are necessary for hard metals, hollow 
workpieces. and workpieces of nonrigid 
cross section. Higher penetration rates are 
used for rolling metals that work harden at 
an excessive rate. 

The rate of die penetration is normally 
limited by the rigidity of the workpiece and 
the machine and by the hardness of the 
metal being rolled. Penetration rates for 
infeed rolling range from 0.0125 to 0.15 mm 
(0.0005 to 0.0060 in.) per revolution of the 
workpiece. Penetration rates for through- 


Table 8 Thread rolling time for tangential infeed double-roll 


attachments 





Torcads per 25 mm Approximate work 


— Thread rolling time (5) for spindle speed (revimin) of: — —1] 











(per inch) revelutionsa) 1000 1500 2500, E 
1-27 2 0.7-1.6 0.41.1 0.3-0.6 0.1-0.3 
14-3 7 O19 0.6-1.2 0.30.7 0.2-0.4 
17-35 2 07-1.4 040.8 02-04 
20-39 7 08-16 0.5-0.9 0.2-0.5 
10. 33-43 2 0.9-1.7 06-10 0.3-0.5 
В 267 6 10-19 06-11 0.30.6 








(4) The actual number of work revolutions used within the ranges shown depends on the material rolled and the size of the thread rolling 


attachment 





feed and end-feed rolling are governed by 
the lead and pitch of the thread and the 
length of the entrance threads on the dies. 

If the pitch and other rolling variables are 
held constant and only the diameter of the 
work is increased, the rolling load will in- 
crease about one-third as much as the in- 
crease in diameter. For example, if a load of 
17 kN (3800 Ibf) is required to roll a 25 mm 
(1 in.) length of 7-20 thread, the initial die 
load for rolling a 4-20 thread under the 
same conditions would be about 22 kN 
(5000 160). However, because the thread 
pitch normally increases proportionately 
with the diameter, a proportional change in 
the rolling conditions causes the die load to 
increase about half to three-fourths as much 
as the increase in the workpiece diameter. 

Many rolling machines have insufficient 
power to provide proportionately rapid 
etration rates on larger work; thus, ап in- 
crease in workpiece size presents a problem 
when rolling threads of large diameter in a 
metal that work hardens rapidly. In such 
applications, the inability of the equipment 
to produce adequate absolute penetration 
rates increases the number of die contacts 
necessary and causes too rapid an increase 
in the hardness of the work metal. As a 
result, disproportionately large radial die 
loads are required to complete the thread 
form. This is hard on machines and dies. 
More powerful machinery must be used if 
work hardening of the metal being rolled 
causes this kind of load escalation. 

Rated motor horsepower of flat die and 
cylindrical die infeed thread rolling machines 
is not a direct measure of peak power con- 
sumption on specific jobs. The motor hors 
power of these intermittently loaded ma- 
chines is supplemented by the stored energy 
of the drive system momentum. Motor horse- 
power of through-feed machines can be rated 
more directly. because power is applied con- 
tinuously. Each unit of power delivered to the 
through-feed die rolls threads in material with 
a rollability index of 1.00 at approximately the 
rates shown in Table 9. 

In addition to the power used for thread- 
ing the workpiece, the rolling process de- 
velops various power losses. Because of 
these losses, power available for actual 
threading ranges from 30 to 90% of rated 
power of the machine. 

Energy delivered to the thread rolling 
dies is dissipated in forming the metal and 
also because of friction between the work 
and the die. On shallow threads, die friction 
accounts for about 10% of the energy deliv- 
ered. For deep threads, losses due to die 
friction may be as much as 2596 of the 
energy delivered; the remainder is used to 
flow the metal. 

















Low-strength materials, such as alumi- 
num, brass, and low-carbon steel, are al- 


Table 9 Approximate rates of 
through-feed thread rolling for 
metals with a rollability index of 
1.00 








Thread 
diameter Threads per 28 | —_ Rolling rata) — — 
mm dm. "ип (рег пећ) 'mmiminkW © in/min/hp 
64 a E 5930 174 
20 5650 166 
79 Yes. M 5310 156 
IR 4120 121 
п 2M 2180 ы 
14 2080 6l 
D E, T RES] 1600 47 
n 1500 44 
а мв... 18 1460 4B 
12 1330 39 
15 „з: 18 1360 40 
n 1190 35 
9 16 1160 4 
10 950 28 
2 ж eed х 26 
9 750 2 
3 1 14 n 
х 540 16 
Note. To determine the through feed rate for à metal of different 
rollability index, multiply the roll by the rollability index 
(а) Power Is actual power delivered to the dies 





ways thread rolled at room temperature, 
Because of their relatively low yield 
Strength, these metals are easily penetrated 
by the threading die. However, some met- 
als, such as high-strength steels and heat- 
resisting alloys, offer considerable resis- 
tance to die penetration. To facilitate thread 
rolling, blanks of these materials are often 
heated and rolled while warm. 

For example, warm rolling is used to 
thread fasteners made of 5% Cr-Mo-V steel 
(H11) that has been quenched and tem- 
pered. The Н11 steel is induction heated to 
about 480 °C (900 °F) immediately before 
threading. Heating temporarily decreases 
the yield strength so that threads can be 
formed without great difficulty. However, 
for optimum life, the dies should not be 
allowed to reach too high a tem ure. An 
ideal ambient die temperature is 90 °C (200 
°F). Dies can be cooled by spraying. as 
needed, with a conventional dic-cooling oil 
or a soluble-oil emulsion. 

Workpieces that have been heated under 
controlled conditions and warm rolled on dies 
With a positive lead have a tensile strength 








Table 10 Preferred mi 
sections 





equal to, and a fatigue strength greater than, 
similar parts rolled cold. In addition. die life in 
warm rolling is greater than in cold rolling of 
high-strength materials. 


Threadin 
of Thin-Wall Parts 


Three-die machines and end-feeding 
heads are better suited to the threading of 
hollow work than are two-die machines, 
because the application of rolling forces at 
three points on the circumference has much 
less tendency to collapse the work. 

Table 10 shows the minimum wall thick- 
ness for thread rolling tubular workpieces 
оп three-die machines. For satisfactory 
thread rolling of tubular workpieces in a 
two-die machine, a minimum wall thickness 
of twice the thickness shown in Table 10 for 
any given set of conditions is the recom- 
mended practice. 

When the wall thickness of the tubular 
blank is too thin to be rolled as a finished 
part, solid metal or heavy-wall tubular stock 
is used for the thread rolling operation, and 
the threaded workpiece is then drilled or 
bored to the desired wall thickness in a 
secondary operation. 


Threading 
Work-Hardening Materials 


The crests of threads rolled in metals 
such as austenitic stainless steel that work 
harden rapidly usually have a more pro- 
nounced seam or fold (Fig. 4) than metals 
that work harden at lower rates. Although 
seams do not affect thread strength signifi- 
cantly and are not detrimental for most 
applications, some thread specifications do 
not permit seams. One of the main objec- 
lions to seams at the crest of threads, par- 
ticularly in stainless steel, is that they are 
likely to become focal points for corrosive 
attack of the material. To avoid them re- 
quires either the use of a metal that docs not 
form seams, or specially constructed dies 
that minimize the seams. 

Other factors that can lead to difficulty 
when rolling threads in metal that has a high 
rate of work hardening are: 























imum wall thickness for thread rolling tubular 





Threuds per 25 mm; — — 


— Minimum wall thickness, mm ( 






for thread pitch diameter, 25 mm Gin), of —— — 











(per inch) new 13-25 (Аы) 25-50 50-75 (2-0) 75-100(3-4) 100-125 (4-5) 
n н 1.0 (0.040) 1.340.050) 1.8 (0.070) — 24 (0.095) 2.8 0.110) 3.3 (0.130) 
Enait ina 1.4 (0.055) 1.8 (0.070) 2.4 (0.095) 3.0 (0.120) 3.8 (0.150) 44 10.175) 
Дании 1.7 (0.065) 2040080 2.9 (0.115) 3.700.145) 4.6 (0.180) 5.3 00.210) 
(om = L8 (0.070) 234.0090 3.300.130) 4.1 (0.160) 5.0 (0.195) 40.230) 
i 2.0 (0.080) 2540100 3.600.140) 46 (0.180) 5.6 (0.220) 7 (0.265) 
14. е 2.4 (0.095) 2.910.115) 4200.165) — 53(0210 6.3 (0.250) 7.6 (0.300) 
Besse 280.110] 34 (0.135) — 460.190) — 610.240) 7.6 (0.300) 8.9 (0.350) 
10. та 31401600 — 5800 7.4 (0.290) 9.4 (0.360) 10.7 (0.420) 
8 " 72. 9.140.360) — 11440450) — 13.4 (0.530) 
Machina apply, to à thread length of one diameter or less, and ше bused on 1010 sie! in the soft condition, rolled in а three-die 


machine. For rolling the same threads in à twordie machine, minimum wal thee ме 





those shown here are recommended 
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* Lead contraction 

* Out-of-round threads 

* Rough surface finish 

* Increased power requirement 
* Reduced production rate 

* Decreased dic life 


All of these effects are undesi able: some 
may be tolerable: most can be minimized by 
combining high penetration rates, heavy- 
duty equipment, and special extra-hard dies 
with expanded leads. Dies as hard as 68 
HRC are available for thread rolling work- 
hardening metals. 

Too many revolutions of the blank can 
work harden some materials, resulting in 
reduced die life and failure of the threads to 
meet dimensional tolerances, as in the ex- 
ample below 

Example 3: Die Setting and Blank Di- 
ameter for Threading 1038 Carbon Steel. 
The available planetary-die equipment in 
one plant could not produce machine 
Screws of 1038 steel to the required dimen- 
sions when blanks of standard diameter 
were used. The screws were out of toler- 
ance because the length of the segment die 
required too many revolutions of the blank 
This problem was net encountered with 
similar parts made on flat dies of shorter 
length. The use of the planetary-die ma- 
chine was necessary, however, because of 
the large volume of screws to be made and 
the high production rate required. 

Satisfactory screws were made by exper- 
imentally adjusting the blank size and by 
setting the dies so that the thread was nearly 
all formed in the first few revolutions of the 
blank. after which the threaded blank 
dwelled in the remaining portion of the die. 
This procedure produced adequate die life 
(about 1 500 000 pieces per grind) and the 
required production rate (20 000 pieces per 
hour). 

Figure 22 shows the variation of. major 
and pitch diameters obtained with standard 
and oversize blanks. A variation in blank 
diameter of about 1% resulted in loss of 
control over these dimensions. 

Two characteristic types of thread rolling 
phenomena were observed when too large a 
blank diameter was used. A large number of 
"'roll-ups" occurred. A roll-up is a part that 
rides up in the dies as it rotates, resulting in 
no helix angle but merely a number of 
disconnected annular rings. Also, oversize 
blanks caused overloading of the dies, and 
when the parts were released from the dies, 
considerable expansion occurred: some 
pieces "exploded" upon being released, 
resulting in hollow parts. 











Rolling Threads 
Close to Shoulders 


The minimum dimension between a rolled 
thread and a shoulder depends on the rolling 
method. the type and size of thread, the 
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i Effect of blank size on the major and pitch 
Fig. 22 diameters of 1038 steel screws with геод 
length of 6.4 mm (^4 in.). See the table accompanying 
Fig. 16 for screw details and threading conditions, All 
dimensions in figure given in inches 


diameter of the shoulder in relation to the 
thread diameter, and the metal being rolled. 

Infeed rolling dies usually are beveled. as 
shown in Fig. 12. The most common bevel 
angle is 30°. When unified threads are being 
rolled with a die of this type, a distance of 
14 threads from the shoulder to the root of 
the first full thread usually allows sufficient 
clearance between the edge of the die and 
the shoulder. When longer bevels are re- 
quired on the dies, the distance from the 
shoulder to the root of the first full thread 
should be increased proportionately. For 
infeed dies, the distance from the shoulder 
to the root of the first full thread usually 
runs from 1% to 2 threads per lead. 

The rolls of end-feeding heads have im- 
perfect starting threads similar to those on 
the throats of die chasers. In general, the 
length of imperfect thread on heads with 
nonreversible rolls for rolling unified 
threads is 1 threads. For heads with re- 
versible rolls, the length of the imperfect 
starting threads varies from about 1151025 
threads. In addition to the length of the 
imperfect starting threads, the distance 
from the shoulder to the root of the first full 
thread varies with the lead angle of the 
thread and the clearance from the shoulder 
required to trip and open the head for 
withdrawal at the end of the rolling cycle. 
Therefore, depending on the design of the 
head, the approximate distance for rolling 
threads close to a shoulder using end-feed- 
ing heads ranges from 2 to 3 threads per 
lead. Specially designed rolls can thread 
cli 
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‘Threads can also be rolled fairly close to a 
shoulder in cylindrical-die machines with the 
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through-feed rolling method. Because of the 
longer imperfect starting threads on dies used 
in through-feed rolling, they can roll threads 
no closer to an obstruction than 5 or 10 
threads, depending on the type of equipment. 

The length of starting thread discussed in 
the preceding paragraphs is applicable to 
rolling threads in soft and medium-hard 
materials. These distances must be in- 
creased by | to 2 threads when threads are 
being rolled close to a shoulder in stecl 
harder than about 25 HRC. 

Blank Preparation. Four different blanks 
that involve rolling threads close to a shoul- 
der are shown in Fig. 23. The blank shown 
in Fig. 23(а) is a type used extensively for 
cap screws and bolts. The 30° bevel at the 
junction of the large and small diameters 
matches the bevel on the thread rolling dic. 
thereby allowing a thread to be rolled close 
to the bevel. After rolling a blank of this 
proportion, the large diameter shown and 
the major diameter of the rolled thread are 
usually the same. 

A blank like that shown in Fig. 23(b) is 
used when the thread runs out on the blank 
without relation to the shoulder. Use of an 
undercut, as illustrated in Fig. 23(c). is the 
most practical approach for threading to a 
shoulder. Under these conditions, the blank 
can be threaded to within 11⁄2 threads of the 
shoulder: the unthreaded portion is under- 
cut so that a nut can be tightened against the 
shoulder. 

There is likely to be end movement of the 
blank between the dies; thus, rolling be- 
tween two shoulders, as in 23(d), re- 























quires a wider undercut, as shown. Under 
these conditions, rolling to within 4 threads 
of the shoulder is about as close as is 
practical. Worm threads are often rolled on 
the type of blank illustrated in Fig. 23(d). 

Dies Without Bevels. Sometimes it is 
necessary to roll a full thread closer to à 
shoulder than can be done with a beveled 
die. If this is the case, a die is used that has 
no bevel on the leading end. Although the 
omission of bevel shortens the life of the 
die, it eliminates the imperfect threads and 
permits forming of a full thread closer to à 
shoulder. 





Fluids for Thread Rolling 


There are two reasons for using fluids in 
thread rolling: to cool the dies and the work. 
and to improve the finish on the rolled 
products. 

Low-carbon steel or nonferrous screws 
under 6.4 mm (Уз in.) in diameter are often 
rolled dry on flat dies at rates as high as 
24 000 pieces per hour. This is especially 
true when rolling pointed screws on which 
the lubrication supplied by even a low- 
concentration soluble-oil emulsion may 
cause detrimental slippage. Soft steel or 
nonferrous metal screws have been rolled in 
larger sizes (13 mm, or Уз in. in diameter) 
without fluid, but only at speeds no greater 
than 300 pieces per hour. 

At higher production rates, a fluid is 
required to control temperature, For cool- 
ing only, a low concentration of soluble oil 
in water (as weak as | part oil to 40 parts 
water) is satisfactory. However, as surface 
finish requirements become more stringent, 
a fluid with better lubricating qualities is 
required. In many applications, more con- 
centrated mixtures of soluble oil in water (1 
part oil to 8 parts water) will suffice, but, for 
the best results, lubricating oil (mineral oil) 
is recommended. A wide variety of oils 
have been successfully used. Sometimes, 
for extremely severe rolling (deep threads 
or hard work metal. or both), extreme pres- 
sure (EP) lubricants are used. However, for 
most applications, a low-viscosity mineral 
oil is sufficient. Any oil selected, in addition 
to having good lubricating properties, must 
be nontoxic and free from additives that 
would stain the work metal. 

Cylindrical dies are more susceptible to 
heat buildup than are flat dies: therefore, 
some type of fluid is usually used for rolling 
in cylindrical dies. Soluble oils are рге rred 
for maximum die life and optimum machine 
performance. but some high-tensile fasten- 
ers and other high-quality threads require 
the use of lubricating oil to provide the 
quality of finish required. Many three-die 
machines use the same oil on the work and 
dies as is used for lubrication of the rolling 
spindles. 

Lubricating oils do not dissipate heat as 
readily as the soluble-oil emulsions. Thus. 














in high-production rolling in cylindrical-die 
machines, it is often necessary to provide 
an oil cooler in order to control tempera- 
tures. Generally, such cooling equipment is 
required only in the most extreme applica- 
lions when using soluble-oil emulsions. 





Thread Rolling Versus 
Alternative Processes 


For commercial products. the types of 
equipment available, size and shape of 
workpiece, number of pieces to be made, 
and the accuracy required are the principal 
considerations in determining the method 
that will be used for producing threads to 
the required specifications. 

Rolling Versus Cutting. As production 
quantity decreases, it becomes more eco- 
nomical to cut the thread rather than roll it. 











For instance, 500 19 mm (X4 in.) screws 150 
mm (6 in.) long with 50 mm ( ) threaded 
length could be made more economically by 
dic threading at about 300 per hour than by 
setting up a roller that could produce 3000 
screws per hour. Thread rolling would be 
worthwhile, however, for 7500 or more 
such screws. 

Production quantity is not a criterion for 
determining the method of threading when 
special products are involved. For example, 
manufacturers of aircraft products have em- 
ployed thread rolling for a single piece in 
order to obtain a product that would meet 
service requirements. 

Thread ing, another method of cutting 
threads, is more expensive than thread roll- 
ing or die threading. Thread milling is sel- 
dom used except when extreme accuracy is 
needed or the workpiece is of such a size or 
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shape that roll or die threading is impracti- 
cal. In thread milling, threads can be pro- 
duced with pitch diameter held within 0.025 
mm (0.001 in.) and lead error held to 0.08 
mm/m (0.001 in./ft). 

Rolling Versus Grinding. Thread grind- 
ing is much more expensive than rolling 
and is used in preference to rolling only 
when: 


* Work metal is too hard to be rolled or cut 

* Work metal is extremely soft, under 
which condition grinding may be the only 
way to hold required dimensions 

* A high degree of dimensional accuracy is 
required 


Before selecting thread grinding rather than 
rolling, however, the various cutting proce- 
dures should be considered. 





























DIE THREADING is a machining pro- 
cess for cutting external threads in cylindri- 
cal or tapered surfaces by the use of solid or 
self-opening dies. Die threading is a slower 
method of producing external threads than 
thread rolling, but it is faster than single- 
point threading in a lathe. 

Hardness of the work metal limits the 
application of die threading. Attempting to 
die-thread metals harder than HRC 36 usu- 
ally causes excessive wear or breakage of 
tools. Single-point threading ог thread 
grinding is recommended for metals harder 
than HRC 36. 

Size of workpiece seldom limits applica- 
tion of the process. Die threading has been 
used to cut 11 threads per millimeter (280 
per inch) in rods 0.43 mm (0.017 in.) in 
diameter, At the other extreme three 
threads per 25 mm (three threads per inch) 
have been die cut into 610 mm (24 in.) pipe 
for the petroleum industry. 


The machines most used for die threading 
are drill presses, manual turret lathes, sin- 
gle-spindle and multiple-spindle automatic 
machines, and special threading machines. 

Drill Presses. When workpiece shape per- 
mits, and if no other operations are in- 
volved, drill presses are often preferred for 
die threading, because they are easy to set 
up and simple to operate. A part that can be 
held in a fast-acting chuck or similar work- 
holding device can be threaded in a manu- 
ally operated drill press at least as fast as in 
any other machine. 

Lead-control devices (see the article 
“Tapping” in this Volume) сап be incorpo- 
rated in a drill press. However, if lead 
control is required, a more rigid type of 
machine, such as a lathe, is preferred. 

Manuel turret lathes are often used for 
threading small to medium quantities, par- 
ticularly when threading is one of а se- 
quence of required machining operations. 
When threading is the only operation, the 
productivity of a turret lathe is lower than 
that of a drill press, because manipulating a 
turret is slower than moving a drill-press 
spindle. 

Turret lathes can be equipped to handle 
either bar stock or semifinished parts. They 
can also thread pieces that are too large for 
practical manipulation in a drill press. 


Die Threading 


Starting the die onto the workpiece by 
hand feeding is more difficult in a turret 
lathe than in a drill press, because the 
weight of the turret makes the operator less 
sensitive to the resistance of an improperly 
chased thread. For this reason, many turret 
lathes used for threading are equipped with 
lead control devices. 

‘Automatic Machines. Because of the 
longer setup time and higher running cost 
involved, automatic machines (automatic 
turret lathes, single-spindle or multiple- 
spindle automatic bar or chucking ma- 
chines, or other automatic equipment) are 
used only for medium or high production. 
On these machines, several operations in 
addition to threading can be done in one 
cycle. 

Special threading machines arc avail- 
able that perform only die threading, on 
either cylindrical ог irregular-shape parts. 
Workpieces can be loaded and unloaded by 
hand, or the machines can be hopper fed 
and fully automatic. These machines usual- 
ly incorporate lead control devices and are 
capable of producing class 5 threads, Collet- 
type machines that can handle long work- 
pieces are commonly used to thread rod, 
shafts, and pipe. 

Selection of the most appropriate ma- 
chine is influenced by the same factors 
discussed in the article ""Tapping" in this 
Volume. Machines that can produce the 
various thread classes are selected accord- 
ing to class, as follows: 





e Class 1A and 2A threads: Drill presses or 
turret lathes using manual feed 

e Class 3A threads: Drill presses, turret 
lathes, or threading machines equipped 
with lead control 

e Class 5 (interference fit) threads: Preci- 
sion threading machines equipped with 
devices for accurate lead control 


Solid threading dies may be of one-piece 
construction, with integral cutting edges, or 
they may have replaceable cutting edges 
(chasers). One-piece solid dies can be either 
nonadjustable or adjustable; insert-type sol- 
id dies are adjustable. One-piece dies are 
usually discarded when worn out of toler- 
ance; inserted chasers can be resharpened. 

Nonadjustable one-piece dies have all 
cutting sections in rigidly fixed relationship 
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Fig. 2 Adjusting-screw type of solid die for threading 


(Fig. 1). They are available in standard sizes 
to fit various types of holders. 

Adjustable one-piece dies are of two 
types. One type (Fig. 2) is similar to the 
nonadjustable type except that the body has 
been slotted, a spring (relief) hole has been 
added, and an adjusting screw has been 
incorporated. The adjusting screw permits a 
small amount of adjustment to compensate 
for wear and to retain greater accuracy than 
is possible with the nonadjustable type. 

The other type of adjustable one-piece die 
is the spring type (Fig. 3). Adjustability is 
provided by the design of the body and the 
holder, which function like a collet chuck. 
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As the outer nut on the holder is tightened, 
it applies pressure to the tapered section of 
the die, forcing the jaws inward. The nut 
can be moved and locked in position as 
desired, permitting adjustment of the cut- 
ting ons and greater accuracy than is 
possible with nonadjustable dies. 

An inserted-chaser solid die consists of a 
holder and three or more inserted cutting 
edges (chasers). The inserts can be adjusted 
to compensate for wear, and can be removed 
for sharpening and replaced as required. Con- 
sequently, in long production runs, tool cost 
is lower than with one-piece dies. 

Like one-piece dies, however, inserted- 
chaser solid dies can be removed from the 
work only by being back-tracked over the 
cut threads. Moreover, size for size, they 
cost more than one-piece dies. 

Circular chasers, too, are used in solid 
dies. in sets of four or five. With five 
chasers, the die does less burnishing of the 
work in following the thread than it does 
using four chasers. The reduction in rubbing 
helps to make smoother threads and makes 
the die last longer. Besides, with five chas- 
ers, the die cuts better with less torque. 

















Solf-Opening Dies 


There are two basic types of self-opening 
dies, revolving and stationary. The cutting 
elements of both types are called chasers, 
and each type is further identified by chaser 
design or position, or both. Chasers are 
designated as radial, tangential, and circu- 
lar. 

Revolving self-opening dies have a fixed 
workpiece and a rotating tool, as in a drill 
press. These dies are usually opened by a 
yoke arrangement in the die. As the die 
advances, the yoke meets a stop. The pres- 
sure against the yoke opens the die, retract- 
ing the chasers from the workpiece. The die 
can then return to its starting position for 
the next cycle. 
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Fig. 4 Radia! chasers ond their positions in о sell 
opening die 


Stationary selí-opening dies, in contrast, 
have a rotating workpiece and a fixed tool, 
as in a turret lathe. Stationary dies are 
opened at a predetermined point by any of 
several mechanical devices, and the die 
returns to its starting position. Although 
stationary dies do not rotate, they may feed 
axially as the threading progresses, and thus 
do not remain fixed. 

Radial Chasers. Figure 4(a) shows the 
positions of four radial chasers in a self- 
opening die and the relation of each chaser 
to the workpiece. The true top rake angle of 
a radial chaser is determined by adding the 
visible rake angle B (if positive, as in Fig. 
4a) to the point-height angle A. If angle B is 
negative, the true rake angle is determined 
by subtracting angle B from the point-height 
angle A. 

Radial chasers are intended to operate at 
a specific distance from the centerline of the 
work being threaded. This distance (H, in 
Fig. 4a) is called the point height. It varies 
according to the diameter of the work, and 
is determined by point height angle con- 
stants supplied for specific models of dies. 
If distance H is reduced, the amount of 
bearing surface (chaser against workpiece) 
and the top rake angle are also reduced. 

Two designs of cutting edge for radial 
chasers made of high-speed steel are illus- 
ig. 4(b) and (c). A straight cutting 
edge (Fig. 4b) can be generated by a milling 
machine or shaper. A circular cutting edge 
(Fig. 4c) is generated by a rotary tool such 
as a hob. 

Radial chasers can be effectively sharp- 
ened only on the chamfer; the removal of 
more than about 0.025 mm (0.001 in.) from 
the area of the rake angle will adversely 
affect the chaser-workpiece relationship 
(Fig. 4a). Consequently, the total life of 
radial chasers is relatively short, so their 
use is sometimes restricted to the threading 
of soft, easy-to-machine metals such as 
aluminum or free-cutting brass. 
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P Tangentiol chasers and their positions in a 
Fig. 5 self-opening die 


Tangential Chasers. The position of four 
tangential chasers in a self-opening die is 
shown in Fig. 5. These chasers are made in 
sets, with their cutting edges extending 
along one face, as shown. 

The chamfer angle is permanent for the 
life of the chaser and does not require 
regrinding. The chamfer section (including 
the first full tooth) not only cuts the initial 
thread form, but also removes excess mate- 
rial from oversize stock. 

The rake angle of tangential chasers (Fig. 
5) is varied according to the machining 
characteristics of the work metal; typical 
values are given in Table |. Tangential 
chasers are especially suited to threading 
steel and other metals that are relatively 
hard, because of their long total life (includ- 
ing resharpenings). Repeated sharpening is 
permissible as long as a sufficient length of 
chaser remains to be held for sharpening or 
to be secured in the die. 

Circular Chasers. The positions of circu- 
lar chasers in a die are shown in Fig. 6. 
Circular chasers are made in sets of four or 
five chasers with annular thread form. A 
single flute, cut axially across the chaser, 
provides the cutting edge. The bore of each 
chaser is serrated for positioning on a hold- 
er in the die. 

Face and hook angles (Fig. 6) can be 
modified as required for different work met- 
als. Face angle is usually about 1°30’ to 2°; 
hook angle may vary from 5° negative, for 
threading soft free-cutting brass, to 20° pos- 








Table 1 Typical rake angles used 
on tangential chasers 

Work metal Rake алча) 
Gray iron. 1525 
Malleable iron 





Steel, 160 to 200 HB ...... 
Steel, 200 to 300 HB... 
Steel, low carbon: 
Free cutting ............. 
Other than free cutting. . 








(a) All angles are positive: 
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Fig. 6 Circulor chasers and their positions in a self-opening die 


itive, for metals that form stringy chips, 
such as mild steel or copper. Typical face 
and hook angles for ferrous metals are given 
in Table 2. 

Circular chasers are used in high produc- 
tion for all metals that are threaded. They 
have a long total life, because they can be 
resharpened as long as there is enough of 
the chaser remaining to retain the cutting 
edge and the serrated hole for mounting. 


Solid Versus 
Self-Opening Dies 


The use of solid dies is generally restrict- 
ed to small-quantity threading in manually 
operated machines, or to machines (such as 
multiple-spindle automatics) that provide 
insufficient space to permit a sclf-opening 
die to operate. The principal reason that 
solid dies are not preferred for high-produc- 
tion threading is that the spindle must be 
reversed for die removal after the threads 
are cut. Backing the die over the threads is 
time consuming and increases die wear; it 
can also trap chips between the threads, 
causing damaged threads or a broken die, or 
both. 

Circumstances sometimes dictate the use 
of solid dies, despite these disadvantages. 
For example, when metal beyond the out- 
side diameter of the thread must be re- 
moved in the threading operation, solid dies 
are often used because they are stronger 
than self-opening dies. A manufacturer of 
cast iron fittings used self-opening dies to 





Table 2 Typical face and hook 
angles used on circular chasers 











Work metal Faceamgleía) — Hook angle 
Gray iron vices Ж 10° 
Malleable iron с que 10° 
Steel Н 130° w 


(a) For fewer than three threads, double the angle. Decrease the 
angle with higher-than-normal surface speeds, or if threads are 
excessively rough. Increase the angle for subnormal speeds. In 
general. the larger the angle, the rougher the finish 





increase production rate, but because ex- 
cessive metal had to be removed, the dies 
frequently jammed and failed to open, thus 
breaking chasers. Breakage was eliminated 
by changing to solid dies. 

Although self-opening dies cost more ini- 
tially than one-piece solid dies, replacement 
(or sharpening) of the chasers costs much 
less than replacing a solid die, and therefore 
self-opening dies have a lower overall cost. 
Also, because self-opening dies have a 
greater range of adjustability than solid 
dies, they can be used for threading to any 
degree of accuracy. In addition, self-open- 
ing dies eliminate the necessity of reversing 
the spindle to remove the die from the 
workpiece, provide easier chip clearance 
than solid dies, and eliminate stop lines. 

Die Removal. Ease of removing the die 
from the workpiece is usually the most 
important advantage of self-opening dies. 
The use of a die that returns in the open 
position eliminates the need for stopping the 
spindle, regardless of whether the tool or 
the work is rotating. In some applications, 
this feature alone increases productivity 
by 50% or more. In addition to saving 
time, self-opening dies greatly reduce the 
possibility of damage to threads from en- 
trapped chips. Furthermore, because the 
chasers make only one trip over the work, 
chaser wear is reduced and tool life is 
increased. 

Chip clearance is a chronic problem in 
thread cutting. Adequate clearance must be 
provided, so that the chips can curl, break 
up, and drop away from the cutting edges. 
When the chip is forced into a pocket, or 
cannot clear the cutting edge, the threads 
being cut may be scored, and the tool edge 
can be damaged. 

Solid dies made of expensive tool steel 
are produced only in small sizes. Practice in 
designing solid dies limits the length of 
threading fingers to an absolute minimum, 
to minimize chatter and premature die fail- 
ure. This practice reduces the area available 
for chip clearance. 











Circular chaser mounted in a self-opening 
holder, for single-chaser threading 


Fig. 7 


Although self-opening dies inherently 
provide more space for chips to enter and 
drop away from the work, available chip 
clearance in any die is influenced by the 
diameter of the threads being cut. As thread 
diameter decreases, the problem of chip 
congestion increases. 

Stop lines are a problem in die-threaded 
pieces when solid dies are used. As the die 
advances on the workpiece, metal is re- 
moved by the cutting section. When the 
cutter stops at the end of the cycle, metal 
removal stops abruptly, and a stop line, or 
step, is left on the work at the farthest 
advance of the cutting edges. There is no 
practical way to avoid this line when solid 
dies are being used. Self-opening dies can 
be opened just ahead of the point of full 
advance, causing the cutters to leave the 
work gradually with a forward rotating mo- 
tion, thus avoiding cut marks. 





Single-Chaser Threading 


Thread chasers can be used singly, rather 
than arranged in groups in a die head. 
Cutting threads with a single chaser is often 
advantageous when a part is rotated on 
centers and a die or holder cannot surround 
the part, or when there is not enough tool 
space to permit the use of multiple-chaser 
holder. The chaser can be held rigidly in a 
standard tool holder, or, as shown in Fig. 7, 
in a holder that opens and closes automati- 
cally by means of bumper stops on the 
machine. 

Single-chaser threading often reduces 
threading time by 50%, compared to single- 
point threading, particularly if a relatively 
flat chamfer angle (10°, for example) can be 
used. A flat chamfer angle allows more 
threads to participate in the progressive 
removal of metal to the final thread form. It 
also increases tool life, although even with a 
normal chamfer angle of 15 to 20°, tool life 
of a single chaser is usually greater than that 
of a single-point tool. 


Modification of Chase: 


True thread forms are usually cut into the 
chaser for reproduction on the workpiece. 
Sometimes, however, the first three or four 
teeth on the chaser are modified to distrib- 
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Fig. 8 Modification of storting threads on chasers in 
9. 8 opening dies to produce acceptable 
thread finish on Monel shafts. Dimensions given in inches 


ute the cutting forces over a larger area. 
This technique improves surface finish and 
prolongs chaser life when hard materials are 
being threaded. Chasers can be modified by 
grinding them so that the first thread is cut 
е and succeeding threads are pro- 
ssively shaved to the correct size, as 
illustrated in the following example. 

Example 1: Modified Chasers for 
Threading Monel. When chasers having 
true-form lead threads were used for cutting 
%-6 Acme threads in a Monel shaft, the 
threads were torn and rough along both 
flanks. The shafts were threaded with a four- 
chaser, self-opening die operated at 2.4 m/min 
(8 sfm) and flooded with sulfurized oil. 

To obtain a better finish when removing the 
relatively large amount of metal required by 
the Acme form, chasers were modified as 
shown in Fig. 8. The profiles of the 15° 
chamfered threads and of one or two full 
threads were changed by removing material, 
as indicated by the black areas lettered A to L 
in Fig. 8. The sequence of reduction in cutting 
width of the chamfered threads was then: 
Surface A on chaser 4 was the starting point 
for a thread flank; surfaces B to F were 
consecutive steps along the thread flank pro- 
gressively cut by each chaser; at surface G, 
and continuing to surface M, cach chaser 
tooth removed progressively smaller amounts 
of metal from the thread flanks until the 
desired thread form was finished by the un- 
modified chaser teeth. 

















Factors That 
Influence Output 
The principal factors that influence 


thread quality, production rate, and cost in 
die threading are: 
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Table 3 Effect of hardness on speed and tool life in die threading 4350 
steel, gray iron, and free-cutting brass 


Dimensions in figure given in inches 
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* Composition and hardness of work metal 
* Accuracy and finish 

* Thread size 

* Obstacles, such as shoulders or steps 

* Speed 

* Lead control 

* Cutting fluid 


"These factors are usually related, and their 
relative importance varies greatly in differ- 
ent applications. 


Composition and Hardness 
of Work Metal 


When a choice is possible, the free-cut- 
ting grades of any metal will result in more 
accurate threads of better finish, at higher 
production rate and lower cost, than the 
nonfree-cutting grades. When frec-cutting 
metal cannot be used, comparable alloys for 
à given part will cause different amounts of 
tool wear, and the permissible speed of 
threading will usually vary somewhat. 

Hardness. For threading metals softer 
than about 24 HRC, standard chasers, made 
of general-purpose high-speed steel and not 
surface treated, are usually satisfactory. 
For metals in the range of HRC 24 to 31, 
chasers that have been given a surface 
treatment, such as liquid nitriding, or a 
coating, such as titanium nitride, are recom- 
mended. 

It is possible to die-thread metals as hard 
as about 36 HRC, but chasers made from 
the more highly alloyed grades of high- 
speed steel (such as M3, M4, M42, or T15) 
are necessary, and chaser life between 
grinds is short. Metals harder than 36 HRC 
are usually threaded by a single-point tool 
or by grinding. 





As work-metal hardness increases, more 
power is required, and rigidity in machines 
and tools becomes more critical. Also, the 
advantages of lead control are more pro- 
nounced when harder metals are being 
threaded. 

Soft metals, especially nonfrec-cutting 
grades, sometimes cause difficulty in die 
threading, because they form stringy chips 
that adhere to the chasers. 

The hardness for best results in threading 
stainless steel and other austenitic steels is 
more critical than that for carbon or low- 
alloy steel. The preferred range for thread- 
ing austenitic steels is 200 to 225 HB. When 
these metals are significantly softer than 200 
HB, they are gummy and adhere to the 
chasers, causing dimensional variation and 
poor finish, and sometimes damage to the 
chasers. When these metals are significant- 
ly harder than 225 HB, excessive chaser 
wear results. 

The following example demonstrates the 
effect of hardness in die threading: 

Example 2: 4350 Steel Versus Gray 
Iron Versus Brass. Table 3 compares oper- 
ating conditions and tool life for cutting 
V»-20 UNF (Unified fine-thread series) 
threads in alloy steel, gray iron, and free- 
cutting brass parts (illustrated in the 
table), each at two different hardnesses. 
All threading was done in turret lathes 
using four-chaser dies having 30° chamfer 
angles. 

As indicated, greater speed could be used 
for threading the softer alloy steel and brass 
parts, but the same speed was used for the 
gray iron part regardless of the hardness. 
For all three metals, however, tool life 
showed a substantial increase when the 
softer parts were threaded. 
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Accuracy and Finish 


In die threading, dimensional accuracy 
and surface finish are usually closely relat- 
ed; excessive dimensional variation is com- 
monly accompanied by rough surfaces on 
the threads. 

In addition to the composition and hard- 
ness of the metal being threaded (see the 
preceding section), the major variables af- 
fecting accuracy and finish are the type and 
condition of the machine and tool used (see 
discussion below), and the type of cutting 
fluid used (see Example 5 in the section 
“Cutting Fluids" in this article). 

Machines. Other conditions being con- 
stant, closer dimensional control is invari- 
ably obtained in a machine that rotates the 
workpiece rather than the tool. For exam- 
ple, better dimensional control can be ob- 
tained in a turret lathe than in a drill press. 
Regardless of which type is used, the ma- 
chine must be maintained at maximum ca- 
pability by adjustments that compensate for 
wear in bearings and other moving parts. 

Tools. To obtain a condition of balance, 
thread-cutting dies contain a minimum of 
three chasers (or, in solid dies, cutting 
lands). Increasing the number of chasers is 
helpful in maintaining close tolerances and 
good finish, because the greater the number 
of cutting edges, the lower the chip load per 
tooth. Five-chaser dies are often used for 
improving accuracy and finish. 

Chasers with short chamfers (35 to 45" 
angles) may produce rough or substandard 
threads, especially on metals that are difficult 
to machine, because cutting forces on the 
leading teeth increase as chamfer length de- 
creases. The relation between chamfer angle 
and the amount of metal removed in threading 
is tabulated with Fig. 9. These data show the 
desirability of using chasers having the long- 
est possible chamfer. because as the length of 
chamfer increases, chips become thinner and 
chip load per tooth is reduced. 

The cutting edges of chasers must be kept 
sharp by grinding or replacement, depend- 
ing on the type of dic. With self-opening 
dies, it is essential that all moving parts be 
hardened and that necessary compensation 
(by replacement if necessary) be made for 
wear. If dies having worn components are 
used, loss of accuracy will result. 








Thread Size 


Other factors being equal, diameter of the 
part being threaded has a significant effect 
on procedure, production rate, and cost per 
piece threaded. In the following example, 
the initial cost for chasers was the same for 
two different diameters, but tool cost per 
piece threaded increased almost in propor- 
tion to diameter. 

Example 3: Threading Two Sizes of 
Carbon Steel Tubing. The workpieces illus- 
trated in Fig. 10 were threaded in a manually 



















Chip thickness 
 Chamfer angle mm in. 

45° 0.450 0.0177 
30° 0.318 0.0125 
Ж: 0.218 0.0086 
15° өы Sey seep эр ves 0.165 0.0065 
IE ANM ок фа ОЗЕ 0.0052 
10° 0.109 0.0043 





Fi 9 Relationship between chamfer ongle ond 
9. 9 number of chamfered threads (in sketch) or 
thickness of chip cut per thread (in table) for 10-pitch 
Unified standard threads 


operated turret lathe of appropriate size, us- 
ing self-opening dies. The workpieces, desig- 
nated part A and part B in Fig. 10, were 
threaded at the same surface speed. Tool cost 
per piece threaded was 250% higher for the 70 
mm (2% іп.) diam than for the 22 mm (Ж in.) 
diam thread, even though initial cost for chas- 
ers was the same. 


Threading to a Shoulder 


A workpiece that is to be threaded close 
to a shoulder should have a relief groove 
wide enough to admit the full chamfer of the 
chaser and the first full thread, and to 
provide extra clearance for overtravel to 
allow the die to open without bumping the 
shoulder. Recommended minimum widths 
of relief grooves for chasers ranging in pitch 
from 32 to 4 and with four different chamfer 
angles are given in Table 4. 

Workpiece design often limits the width 
of relief groove. When possible, the relief 
width should be revised to allow the use of 
chasers having maximum length of chamfer, 
to provide maximum efficiency of operation 
(see Fig. 9 and the previous discussion 
“Accuracy and Finish”). 

Aside from the danger of die breakage 
from hitting the shoulder, the two main 
disadvantages of threading to a shoulder are 
increased tool cost because of shorter tool 
life, and decreased productivity because of 
lower speeds and more downtime for chang- 
ing tools. 


Speed 
Cuts that are made too slowly increase 
machining time and raise production costs. 


1010 
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Condition Ow 0294-12) 

Chaser details 

Number per die н inp 4 

Pieces threaded per set O9» — X0 

Operating details(a) 

Speed, rev/min. ... esee BS 3 

Production, pieces/h ..... 1% 4l 

Tool life per grind, pieces ..........-200 80 


(a) Soluble-oil emulsion used for both parts. 





Influence of thread size on productivity. 
Dimensions given in inches 


Slow cuts across keyways can also produce 
rough, irregular surfaces. On the other 
hand, cuts that are made too quickly gener- 
ate excessive heat, shortening tool life, and 
adversely affect thread accuracy. 

However, higher-than-average speed can 
sometimes be a help in maintaining the 
accuracy of a cut. When cutting across 
keyways, holes, flats, parting lines, or other 
irregularities, a threading die makes a better 
surface if it is cutting faster than normal. Of 
course, tool life will suffer. 

Table 5 gives nominal threading speeds 
for various materials. The effect of hardness 
on threading speed for two steels is shown 
in Table 6. 





Lead Control 


Lead control is control of the axial ad- 
vance of the chasers in die threading. Lead 
screws or other devices used for lead con- 
trol are adjusted to advance the chasers at a 
rate suited to the pitch of the thread being 
cut. 

The common types of commercially 
available lead control are those with: 


A hydraulic actuator 

An air actuator 

А cam actuator 

A hydraulic (or air) and cam combination 
Feed gears 

A lead screw and nut 

A lead screw with hydraulic control 
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Table 4 Recommended minimum widths of relief grooves for cutting UN threads close to a shoulder 
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Without external lead control, accuracy 
of the thread depends partly on the skill of 
the operator and partly on the ability of the 
chasers to develop a "nut action.’ This nut 
action is influenced by the weight of any 
machine components that drag on the chas- 
ers. 

Manual control is usually satisfactory for 
threading diameters up to 6.4 mm (/ in.) 
because the machine components that move 
with a threading die of this size are easily 
handled by the operator. As thread diame- 
ter or work metal hardness, or both, in- 
creasc, the weight of the moving machine 
components is also increased, because 
heavier and more powerful equipment is 
required. Thus, accurate manual control 
becomes more difficult. 

Under conditions of inadequate control, 
the leading threads will be poorly formed, 











and the remaining threads will be shaved 
undersize. Too much force applied by the 
operator or too much drag from moving 
components produces similar effect: 

Disadvantages of lead control are: 





* Initial cost of the lead control unit 

ө Susceptibility of the unit to wear, with 
resulting requirements for servicing and 
replacement 

@ The need for continuing maintenance 

ө The time required for resetting the unit to 
the starting point after each cycle, which 
usually lengthens the total time for per- 
forming a threading operation 


Cutting Fluids 


Selection of a cutting fluid for die threading 
is essentially the same as for tapping. Sulfur- 


Table 5 Nominal speeds for die cutting of screw threads 




















- — Speed for pitch of =I 
EJ 16-14 — 225 
Work metat lee m lem ы = ы 
Ferrous metals. 
Gray iron (class 30)... 25 n an 15 50 4 80 
Malleable iron 20 30 2 40 15 50 
Stainless steel ........-. 
Types 303, 410, 420F, 440F . . 10 45 15 6 ю 75 25 
Types 416, 430Е........ 12 20 9 30 R 
Types 302, 304, 321 8 3 10 45 15 6 0 
Steel, free-cutting 15 TS 25 n 40 18 e 
Steel, other than free-cutting 
Medium-carbon...... 8 3 0 45 15 6 20 
Low-carbon . . 2 6 20 9 30 12 40 
Nonferrous metals 
Aluminum... 50 34 по 55 180 6 250 
Brass, free-cutting ....... so M по 55 180 76 250 
Bronze, manganese 30 18 6 30 100 46 150 
Bronze. 15 7.5 25 n 18 6 
Copper, free-cutting 15 7.5 25 12 40 18 e 
50 34 uo 55 180 76 250 
& 3 Юю 45 15 6 0 
50 м 10 55 180 76 250 





(а) Also, nickel bronze or phosphor bronze 





ized cutting oil is effective for most die 
threading applications. The two examples 
that follow describe applications in which 
results were improved when soluble-oil emul- 
sions were replaced by sulfurized oil. 

Example 4: Improved Tool Life. A solu- 
ble-oil emulsion (1 part oil to 20 parts water) 
was used as a cutting fluid for dic threading 
fittings made of 1018 steel. The quality of 
the threads (3¥i6-12) was acceptable, but 
chaser life was only 180 pieces per grind. 
Changing the cutting fluid to straight sulfu- 
rized oil increased chaser life per grind to 
225 pieces. 

Example 5: Improved Accuracy and 
Finish. Class 3A fit and finish were required 
for 12-12 threads on malleable iron castings 
die threaded at 9 m/min (30 sfm) using a 
1-to-20 mixture of soluble oil and water as a 
cutting fluid. Thread flanks were excessive- 
ly rough, and some pieces did not meet 
class 3A requirements. When straight sulfu- 
rized cutting oil was substituted, all parts 
met class 3A, and acceptable surface finish 
was maintained. 








Taper Threading of Pipe 


The cutting of taper pipe threads with 
dies does not differ greatly from cutting 
standard screw threads. However, because 
American National standard taper pipe 
threads (NPT) are designed to provide pres- 
sure-tight seals, they require closer control 
in chasing than do thread forms for which 
75% of full thread is acceptable. Also, in 
chasing taper pipe threads, more teeth are 
cutting at one time than in chasing standard 
screw threads; thus, taper pipe threading 
requires more power than screw threading, 
size for size. Machines used for threading 
pipe are usually the same as those used for 
other types of die threading. Positive lead 
control is essential in taper threading, be- 
cause all chaser teeth are cutting at one time. 
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Table 6 Effect of hardness on 
speed in threading 1040 steel and 
type 440A stainless 
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(а) Based on cutting 8 to 25 threads per 25 mm (R to 15 threads per 
inch). (b) Harder than the limit recommended for die threading 





Tools for Pipe Threading 


Solid dies for cutting threads on pipe are 
of the same two general types as for cutting 
machine threads, that is, adjustable and 
nonadjustable. With either type, the die 
must back over the threads to be removed 
from the work when threading is complete. 

Adjustable solid dies have removable 
chasers that can be adjusted for pitch diam- 
eter, and that can be reground or separately 
replaced when worn. When close control of 
pitch line taper is required under conditions 
of heavy stock removal, the adjustable solid 
die is preferred. Manufacturers of pipe fit- 
tings use adjustable solid dies to cut taper 
pipe threads on gray iron and malleable iron 
fittings without prior machining of the as- 
cast diametei 

Nonadjustable solid dies are only used for 
hand operations or for low-production 
threading in a simple machine. They are 
seldom resharpened when worn, and cannot 
be adjusted for pitch diameter. 

Self-opening dies permit the individual 
cutting components to be automatically re- 
tracted from the work when threading is 
complete, so that the die can be withdrawn 
without the need to reverse rotation. Self- 
opening dies permit shorter machine cycles 
than do solid dies, by eliminating the back- 
ing-off time. Self-opening dies also increase 
chaser life because cutting edges are not 
dragged back over the previously cut 
threads. Disadvantages of self-opening dies 
in comparison with adjustable solid dies are 
higher initial and maintenance costs and 
greater susceptibility to becoming fouled 
from swarf-contaminated cutting fluids. 

Self-opening dies are also used to cut 
straight pipe threads. Straight pipe threads, 
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the same size as taper pipe threads (at the 
large end of the taper) are needed for tank 
fittings and other places where nuts must be 
used along with standard taper pipe connec- 
tions. Straight pipe threads are also known 
as locknut threads (pipe). If a short pipe 
goes through a wall, as in tank fittings, a 
full-length straight pipe thread joins the 
taper pipe threads at each end. A locknut, 
with matching internal straight pipe thread, 
screws onto the thread at the face of the 
wall, while fittings screw on at the ends. 

Chasers. Ra tangential, and circular 
chasers, in addition to being used to pro- 
duce screw threads (see the section Self- 
Opening Dies" and Fig. 4 to 6 in this 
article), are also used for threading pipe. 
For high-production pipe threading, stan- 
dard (stock) chasers are not always the best 
choice, regardless of type. Specially de- 
signed chasers should be considered for 
long production runs. For instance, in 
threading malleable iron pipe fittings that 
are threaded without prior machining, max- 
imum rigidity is required because of the 
large and varying amount of stock removal. 
For such purposes, a specific type of solid, 
adjustable die cquipped with tangential 
chasers has been designed. These chasers 
are ground with a 30° throat angle starting 
0.25 mm (0.010 in.) below the root of the 
thread. Tungsten carbide chasers are long 
lasting in this application if they do not 
break, but they are susceptible to breakage 
because some workpiece castings are not 
well annealed. In general, nitrided high 
speed steel chasers are the most practical 
for this application. 


Stop Lines in 
Pipe Threading 


The prescribed taper in pipe threads is 1.6 
mm (И in.) in diameter for each inch of 
length. Thus, each chaser tooth cuts a pro- 
gressively smaller diameter on the work- 
piece as the die advances. Because each 
chaser tooth is cutting at the instant of die 
opening or reversal, a stop line remains on 
the thread surface. When solid dies are 
used, the reversal of the chasers over the 
stop lines creates an abrasive action that 
causes excessive wear of the cutting edges. 

The kind of metal being threaded has a 
marked effect on the severity of stop lines. 
In general, stop lines become more pro- 
nounced as ductility of the work metal 
increases. With solid dies, the severity of 
stop lines can be reduced by increasing the 


















number of chasers in the die. However. 
when specifications call for complete elim- 
ination of stop lines, a full-receding type of 
self-opening die is required; otherwise the 
piece must be threaded with a single-point 
tool. 

In one plant in which alloy steel pipe was 
being taper threaded with solid dies, stop 
lines were severe. When the dies were 
reversed for removal, fine chips were 
trapped between the cutting teeth and the 
threads, resulting in damage to both. Rejec- 
tion rate because of scarred threads was 
excessive. Changing to a self-opening die 
and frequently resharpening the chaser 
teeth. solved the problem. The die was 
adjusted so that it tripped just prior to full 
advance of the spindle; chasers retracted 
smoothly, and stop lines were eliminated. 


Speed in Pipe Threading 


Speed, in meters per minute or surface 
feet per minute, is usually 20 to 30% slower 
for pipe threading than it is for the cutting of 
screw threads (see Table 5), because more 
teeth are cutting during pipe threading. In 
some shops, however, little or no distinc- 
tion is made between straight threads and 
taper threads in selecting threading speed. 
Also, in some shops the same threading 
speed is used regardless of thread pitch. For 
instance. one manufacturer taper threads 
malleable iron as-cast surfaces that range in 
pipe size from 3.2 to 102 mm (JA to 4 in.) at 
the same surface speeds, using the same 
type of dies and cutting fluid. Straight pipe 
threads may be cut at faster speeds, speeds 
that equal those used in cutting unified 
threads of equal size. 

Thread quality does not necessarily in- 
crease as threading speed decreases; rough 
and torn threads often result from threading 
speeds that are too low, Excessive speeds, 
however. always decrease tool life. 

Cutting fluids used for pipe threading 
are the same as for the cutting of screw 
threads. Flooding the cutting area is gener- 
ally more important in pipe threading be- 
cause more cutting teeth are engaged at one 
time. 

In addition, because of the accuracy re- 
quired in pipe threads and the amount of 
cutting that is being done at one time, 
susceptibility to thread damage from swarf- 
contaminated cutting fluids is greater in 
pipe threading than in screw threading. 
Damage from this source can be prevented 
by filtering the cutting fluid. 





MILLING is a machining process in 
which metal is removed by a rotating mul- 
tiple-tooth cutter; cach tooth removes a 
small amount of metal with each revolution 
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be generated. 


of the spindle. Because both workpiece and 
cutter can be moved in more than one 
direction at the same time, surfaces having 
almost any orientation can be machined. 
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Bosic milling operations and cutters illustrating the variety of surfaces and surface combinations that can 





"The principal differences between milling 
and other machining processes are: 


* The interruptions in cutting that occur as 
the teeth of the milling cutter alternately 
engage and leave the workpiece 

е The relatively small size of the chips in 
milling 

* The variation in thickness within cach 
chip 

Chip thickness varies during the cut of any 

individual tooth because feed is measured in 

the direction of table motion (workpiece 
moving into cutter), while chip thickness is 
measured along the radius of the cutter. 
Milling is most efficient when the work is 
no harder than 25 HRC. However, steel at 

35 HRC is commonly milled, and steel as 

hard as 56 HRC has been successfully 

milled. The effect of high hardness of the 
work metal on cutter design is discussed 
later in this article. 


Most milling is done in machines de- 
signed primarily for milling, but milling has 
been done in almost every type of machine 
that can rigidly hold and rotate a cutter 
while allowing a workpicce to be fed into 
the cutter, or vice versa. Figure | illustrates 
the wide range of cutter configurations 
available for use in milling operations. For 
example. milling can be done in single- 
spindle or multiple-spindle bar and chuck- 
ing machines in sequence with other ma- 
chining operations (see the section 
"Automatic Lathes” in the article " Multi- 
ple-Operation Machining" in this Volume). 
Conversely. some specially designed mill- 
ing machines include provisions for other 
machining operations. Machines used for 
production milling should incorporate: 








* Variable-speed motors 

* Ball-screw or hydrostatic worm precision 
gears and bearings 

* Hydrostatic liners 

@ Numerical control (NC) or computer nu- 
merical control (CNC) 

* Automatic drives 

* Automatic tool changer 





Spindle orientation and construction type 
are two designations used to classify milling 
machines. Machines that drive cutters with 
horizontal spindles are the most common, 
although vertical spindles are also widely 
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Column Overare 
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Principal components of a plain knee-and- 
column milling machine with a horizontal 


Fig. 2 


spindle 


used, Some special-purpose machines have 
horizontal. vertical, and angular spindles 
that operate consecutively, simultaneously. 
or both, Tape-controlled milling machines 
can have up to five axes of motion: standard 
X^, y+, and z- axes plus two degrees of rotary 
motion. The A-axis is the rotary motion of 
the spindle carrier in the vertical plane, 
while the B-axis is the rotary motion of the 
column on its base in the horizontal plane. 

The type of construction is the basis for 
ifying machines as: 





cli 





* Knee-and-column type 

© Bed-type 

@ Planer-type 

€ Special types 

The first two types are available in a wide 
range of capacities and with many modifi- 
cations and accessories. Special machines 
are individually designed and constructed 
Tor specific requirements. 





Knee-and-Column Machines 

Knee-and-column machines (Fig. 2), in 
which the milling spindle is fixed, consist of 
six basic components: 


@ The base, which supports the other com- 
ponents 

* The column. which contains the spindle 
and its driving mechanism 

* The overarm, which provides support for 
arbor-mounted cutters 

€ The knee, а separate section attached to 
the column and movable vertically on the 
column 

* The saddle, which is supported by and 
moves horizontally (in and out) on the 
knee 

© The table, which supports the workpiece 
and can move horizontally at right angles 
to the saddle movement 


Knee-and-column milling machines are de- 
signed for general-purpose work and can 
perform not only the straight milling of 
plane and curved surfaces but also gear and 
thread cutting, drilling, boring. and slotting 


Column 


Spindle 






— Cutter 


Lond Swiveling universal table 
Fig. З Principal components of a universal horizon- 
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(when suitably equipped). These machines 
can be classified as follows: 

© Plain 

© Universal 

@ Vertical 

urret-type universal 

e Ram-type universal 





The plain knee-and-column machine 
permits three-dimensional movement of the 
workpiece by the up-and-down motion of 
the knee and by the two-direction horizon- 
tal motion of the saddle and table. This 
machine has a horizontal hollow spindle in 
the column to drive the cutters. Arbors and 
adapters are held by a quick-change clamp- 
ing sleeve on the nose of this spindle, but on 
many machines a draw bar from the rear is 
screwed into arbors to hold them in the 
spindle. The overarm extending from the 
top of the column carries supports for cutter 
arbors. Braces are available to tie the arbor 
supports and overarm to the knee for added 
rigidity. The knee, saddle, and table are 
positioned and fed (by hand or power) in the 
three coordinate ions shown in Fig. 
One model of a general-purpose milling 
hine has the saddle and the table on a 
fixed base instead of a knee with the cutter 
spindle in a housing sliding on vertical ways 
on the column. This design provides rigid 
support for heavy workpieces and retains 
the flexibility needed for general-purpose 
milling. 

A universal knee-and-column machine 
is similar to the plain type except that the 
table is mounted on a housing that can be 
swiveled in a horizontal plane (Fig. 3). This 
machine is especially useful for milling an- 
gles and helices, as found in twist drills. 
milling cutters, and helical gear teeth. The 
saddle is made in two parts. The upper part 
swivels on the lower and carries the table 
with it—to a limit of about 45^. The lead- 
screw that feeds the table is arranged so that 
a geared drive can be taken from it to drive 
a dividing head on the table. Some univer- 
sal-type machines have additional features. 
On one unit, the knee can be swiveled to tilt 
the table end over end. and an auxiliary 

















Column 






Principal components of a vertical-spindle 
knee-and-column milling machine 


Fig. 4 


spindle head on the side of the column can 
be swiveled to almost any angle. 

Most knee-and-column machines have a 
removable head that is attached to the col- 
umn and converts the machine into a verti- 
cal-spindle machine. Some of these heads 
can be swiveled 180°, thus creating a uni- 
versal attachment. 

Vertical-spindle knee-and-column ma- 
chines are also available (Fig. 4). Large 
vertical-spindle machines have the spindle 
and driving mechanism mounted on a ram 
attached to an overhang on the column. On 
small machines. the vertical spindle and 
driving components are attached to a hori- 
zontal slide at the top of the column. Verti- 
cal-spindle machines are especially well 
suited to face milling and end milling oper- 
ations. 

Turret-type — knee-and-column ma- 
chines (Fig. 5) have dual heads that can be 
swiveled about a horizontal axis on the end of 
a horizontally adjustable ram. This permits 
the milling to be done horizontally, vertically, 
or at any angle. This added flexibility is ad- 
vantageous where a variety of work has to be 
done, as in tool and die or experimental 
shops. Turret-type machines are available 
with either plain or universal tables. 

Ram-Type Universal Machine. Another 
modification of the knec-and-column prin- 
ciple is the ram-type, or ram-head, milling 
machine (Fig. 6). This design has two dis- 
tinguishing features. First, the horizontal- 
and vertical-spindle knee-and-column mill- 
ing machine principles are combined into 
one design: its milling head can be posi- 
tioned for horizontal, vertical. or angular 
milling by simple adjustment, without the 
addition or removal of any attachments or 
accessories. The milling head. situated at or 
near the front end of the ram, is a single- or 
double-swivel-mounted spindle in fixed or 
quill mounting. 


























Principal components of o turret-type knee- 
‘and-column milling machine 


Fig. 5 

The second feature is that the ram, which 
carries the milling head, can be moved 
horizontally outward or inward with respect 
to the table, thus bringing the milling cutter 
to the workpiece for maximum rigidity in 
setup. The table is equipped with cross and 
longitudinal power feeds. and the saddle 
assembly has vertical travel; these means 
afford tridirectional table movement. 

Milling Machine Size. The usual power 
range available for knee-and-column mä- 
chines is 0.75 to 37 kW (1 to 50 hp). These 
machines are also rated according to the 
size of workpiece they can handle. A num- 
bering system is used to designate milling 
machines in accordance with the largest 
workpiece that can be milled: the higher the 
number, the larger the maximum workpiece 
size. Milling machine size is designated by 
numbers from | through 6, which are ap- 
proximate indicators of the longitudinal ta- 
ble travel, as follows: 














po Table travel) 





Size mm in. 
1 559 22 
25s 2 28 
3 кїз 2 
4.. 1015 40 
5 1270 50 
6 1825 50 





These relationships are not standardized, 
and a particular machine may vary consid- 
erably from these values. A typical No. 3 
machine has maximum table, saddle, and 
knee movement of 812. 305, and 508 mm 
(32, 12, and 20 in.), respectively. A No. 6 
machine has a table travel of 1525 mm (60 
in.), cross travel of 457 mm (18 in.), and a 
vertical travel of 508 mm (20 in.). 
‘Advantages and Limitations. The meth- 
od of operating knee-and-column machines 








Principal components of the ram-type knee- 
and-column milling machine. This ram con be 
moved in a direction parallel to the saddle movement 


Fig. 6 


varies from manual control of all move- 
ments to power control of all movements. 
In addition, through the use of stops and 
other contro! devices, the machine can be 
adapted for automatic cycles. Because of 
their versatility in machining workpieces of 
different sizes and shapes. these machines 
are widely used for low-production milling. 

The main disadvantage of the knee-and- 
column machine is its inherent lack of rigid- 
ity. The machine has three or four joints 
with sliding fits, each requiring a minimum 
of 0.051 mm (0.002 in.) clearance. The joint 
between the knee and the column bears thc 
combined weight of the knee, saddle, table, 
fixture, and workpiece. Deflection is there- 
fore inevitable under milling stress. To add 
some rigidity and to reduce deflection. an 
outboard support can be placed between the 
overarm and the knee. To prevent chatter, 
limitations must be imposed on feed. speed, 
and depth of cut in milling. Chatter will 
cause a decrease in dimensional accuracy, 
unacceptable surface finish, and reduced 
cutter life. 





Bed-Type Machines 

Bed-type machines, also known as fixed- 
bed machines, are characterized by the ex- 
tremely rigid construction afforded by a 
rectangular bed casting or weldment. These 
units are supported and leveled along their 
entire length, which can vary from 0.9 to 9 
m (3 to 30 ft) or more. 

The principal components of a bed-type 
machine are shown in Fig. 7. These ma- 
chines are almost as versatile as knee-and- 
column machines, and they have at least 
50% greater rigidity. In a bed-type machine, 
the table and saddle are mounted on a bed 
of fixed vertical position, and vertical 
movement is obtained from the spindle car- 
rier. Consequently. less weight is moved on 
guideways, which are about 50% longer for 
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a given size of machine as compared to the 
movement of the knee. In addition, spindle 
overhang is reduced by as much as 75% 
because the cutter can be located closer to 
the vertical way. Bed-type machines are 
available in horizontal-, vertical-, and mul- 
tiple-spindle versions. 

Horizontal-Spindle Bed-Type Machines. 
The horizontal machine consists basically 
of a headstock or column bolted to, or 
integral with, a fixed bed. On this member, 
rrier, head, or block is mounted, 
is horizontally posi- 
tioned. The axis of this spindle is parallel to 
the table surface and is at right angles to the 
axis of table movement. The carrier usually 
moves (manually or automatically) in а ver- 
tical direction on the headstock, and the 
spindle is adjustable axially (in and out) 
through a spindle quill or ram. Because of 
the more rugged construction of this type of 
machine, high-power cuts are made more 
casily. In addition, better surface finishes 
and closer machining tolerances can gener- 
aly be obtained than are possible with 
knee-type machines. 

Horizontal-spindle machines are also 
available with tracer control to the vertici 
axis. This permits various shapes and con- 
tours to be generated by causing the spindle 
carrier or head to raise or lower at a speci- 
fied time, as dictated by a cam or template 
mounted to the table of the machine. These 
units are commonly called rise-and-fall mill- 
ing machines. 

Machining cycles can be manual or auto- 
matic and are actuated by preset dogs and 
electric switches or hydraulic plungers. Nu- 
merical control systems and similar systems 
are also frequently used, with all machine 
functions being programmed. 

Horizontal-spindle machines are desig- 
nated by sizes 10, 14. 18, 22. and 30. Each 
size may have a range of dimensions. For 
cach dimensional size, machines are usually 
made for light, medium, and heavy duty. 
with corresponding strength and power. 
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Fig. B Principal components of a manufacturing- 
9. © уре milling machine with one spindle corrier 


Vertical-spindle bed-type machines in- 
corporate a rigid headstock on which the 
entire spindle carrier can slide up and down 
as required. The vertical milling machine 
differs from the horizontal machine princi- 
pally by the position of the carrier and 
spindle axis. A ram or spindle carrier is 
mounted on a rear base, which is normally 
fastened to the fixed bed. This carrier hous- 
es the vertical spindle, whose axis is per- 
pendicular to the top of the table and is 
adjustable vertically along its own axis 
through a quill. The carrier assembly is 
sometimes fixed (with no movement) and in 
some cases is adjustable manually or by 
power to travel laterally. so that the spindle 
can be positioned crosswise to the table 
(forward or to the rear of the table center- 
line). 

The vertical machine is well suited to face 
milling operations and can handle heavy 
cuts with close tolerance and finish require- 
ments. Although face milling and end mill- 
ing are the most common operations per- 
formed on this type of machine, arbor- 
mounted cuts can also be made; however. 
these are the exception rather than the rule. 
As a result, the vertical machine is more 
limited and less versatile than the horizontal 
machine. 

For close tolerances, good finish require- 
ments, and large-lot production with mini- 
mum time per part, the vertical milling 
machine, properly tooled, is a valuable as- 
set. Tracer and numerical control can be 
adapted to vertical machines. These ma- 
chines are available in a wide range of sizes 
and variations. Automatic cycles and nu- 
merous accessories are offered as options. 

Specific advantages of the bed-type ma- 
chine in comparison with the knee-and- 
column machine are: 

















* Grcater rigidity, permitting heavier cuts 
and closer dimensional control 

* Constant reloading level of the table 

* Controls at a uniform level 

* Greater range of vertical movement 
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Fig. 9 "nel components of a duplex horizontal 
9. F кїп machine with two horizontal spindles 


* Versatility that can be increased by pro- 
viding a longer saddle and outboard sup- 
port 


The main disadvantage of the bed-type mill- 
ing machine is its high initial cost. 

Simplex, Duplex, and Triplex Models. 
Milling machines of the bed type are designed 
for production and therefore are also termed 
manufacturing or production millers. ‘They 
are available as standard models with up to 
225 kW (300 hp) and can be modified or 
equipped as needed for mass production. On 
some units, the spindle carrier is a ram slide 
mounted on a vertical column. 

The machine illustrated in Fig. 8 is a 
simplex model (one spindle carrier). Duplex 
models have a headstock and spindle carrier 
on each side of the bed. This configuration 
allows the simultaneous operation of oppos- 
ing cutters in a single pass, thus doubling 
productivity with a relatively low (about 
30%) increase in investment (Fig. 9). All 
carrier features, speeds, feeds, and ranges 
are duplicated. Maintaining accurate paral- 
lelism by the two-spindle setup is one of the 
advantages of the duplex machine. A logical 
extension of the duplex model is the triplex 
model, which has three spindles to mill 
three surfaces (engine blocks, for example) 
simultaneously in one pass. 





Planer-Type Machines 

Planer-type machines are so termed be- 
cause of their structural resemblance to a 
planer. Known also as adjustable-rail or 
fixed-bridge milling machines, they can pro- 
vide almost any combination of verti 
horizontal, or angular spindles for driving 
milling cutters and boring bars. Planer-type 
milling machine spindle drives generally 
range from 22 to 75 kW (30 to 100 hp). 
These machines can also perform several 
milling and boring operations simultaneous- 
ly. The quill, carrying the spindle, is fed in 
and out for drilling and boring. 
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i Principal components of a triplex ploner- 
Fig. 10 type milling machine 


Fixed-Bridge Milling Machines. The ma- 
chine illustrated schematically in Fig. 10 isa 
triplex model (three spindle carriers). On а 
triplex machine, workpieces are secured to 
the table, which carries them back and forth 
between the two vertical columns and under 
the crossrail. Two horizontal spindle carri- 
ers move vertically on the columns, and à 
vertical spindle carrier moves horizontally 
on the crossrail. The crossrail can move 
vertically on the two columns. 
igure 11 shows that the planer-type mill- 
ing machine can utilize one to four milling 
spindle heads, with the spindles either par- 
allel or perpendicular to the movement of 
the table. These machines overcome the 
inherent disadvantages of ordinary planers, 
which can use only single-point cutting 
tools and cannot be reciprocated rapidly 
(see the article “Planing” in this Volume). 
Planer-type milling machines utilize several 
milling heads to remove large amounts of 
metal while permitting the table and work- 
piece to move quite slowly, but they often 
require only a single pass of the cutters. 
This is a great advantage where heavy 
workpieces such as machine tool bases, 
aircraft wing spars. and missile bodies are 
being machined. 

Moving-Bridge or Gantry-Type Milling 
Machines. Some large milling machines, 
similar to planer-type mills, are built on the 
gantry principle. The workpiece is mounted 
оп a stationary table, and the milling heads 
are mounted on a traveling column, also 
called a gantry, driven by a ball screw or a 
rack-and-pinion drive system (Fig. 12). The 
maximum working capacities of such a ma- 
chine are as follows: length, 9000 mm (354 
in.); width, 4900 mm (193 in.); and height, 
4000 mm (157 in.). 

The spindle carriers mount to a saddle 
that travels in the cross, or y- direction 
on a way system. They can also be moved 
in the z-axis, or vertical. direction, either 
independently or by means of a saddle that 
rides on a set of vertical ways. As with 
planer or bridge-type machines. the number 
of spindle carriers is optional, and they can 
be mounted on cither side of the crossrail. 
Additional axes of motions are av; i 
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overhanging beam and two milling spindle heads (b); 
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End views of planer-type milling machine configurations in addition to that shown in Fig. 10. Top row: single-column machines with one milling spindle head (c); 
ind cross slide, support stand, ond one milling spindle head (с). Bottom row: double-column machines with 


cross beam and two milling heads (d); cross beam, cross slide, and two milling spindle heads (e); cross beam, cross slide, and four milling spindle heads (f) 


required; one is usually a swivel motion in 
the yz-plane, and the other a swivel motion 
in thi lane. l'hese motions can be either 
full contouring or positioning only. making 
possible the machining of complicated geo- 
metric shapes such as marine propeller 
blades. The crossrail is usually designed so 
that it can be raised for additional clearance 
over the work surface. 

Skin Mills. Gantry-type machines are a 
common style of structure foi iriety of 
special machines used by the aerospace 
industry. These machines are used to man- 
ufacture large wing. missile, and rocket 
skins. The increased size of aircraft and 
missiles has dictated machine sizes with up 
to 6.1 m (20 ft) ог more of work width and 
up to about 60 m (200 ft) of longitudinal 
travel. Most skins are aluminum, but in 
recent years skins of steel and titanium have 
also been manufactured by these machines. 

Template and honeycomb milly are an- 
other common gantry-type machine. These 
machines are usually smaller than a skin 
mill and are of much lighter construction 
because template and honeycomb work re- 
quires high-speed, low-torque spindle carri- 
ers. Honeycomb milling often requires a 
multiple-axis machine. In addition to the 
usual three axes (x, v, and 2). one or two 
swivel axes are generally supplied. 

A spar mill is also a gantry-type machine. 
usually with a long longitudinal travel but a 
very narrow work surface (610 to 914 mm, 
or 24 to 36 in.). Spar mills usually have 




















horizontal spindles with a swivel axis of 
motion and/or a vertical spindle, also with a 
swivel motion. This swivel motion is essen- 
tial because of the warps inherent in aircraft 
spars. Recent spar mills have been designed 
to mill aluminum, steel, or titanium spars. 
Some seven-axis CNC spar mills are capa- 
ble of milling workpieces that are 33 m (108 
ft) long. and they can machine a r of 
opposite-hand (mirror-image) workpieces. 
simultaneously with two spindles. 

The gantry-type machine offers several 
advantages over the planer or fixed-bridge 
construction. The gantry-type machines 
maintain the inherent stiffness of the closed- 
type construction of a bridge machine. thus 
allowing for heavy cuts with minimum de- 
flection. With x-axis travels exceeding the 
upright length, the gantry machine offers 
floor-space savings over a similar bridge 
type. The gantry machine also presents a 
stationary work surface that facilitates dou- 
ble loading and offers the option of extend- 
ing the beds for additional x-axis travel. 
This adding of bed sections can take place 
later if desired. Many installations of gantry 
machines have several gantries with over- 
lapping travels on one long continuous bed. 

The chip removal and coolant problems 
of gantry-type machines are similar to those 
of the fixed-bridge machines. However, be- 
cause the gantry-type machines are usually 
longer and have a way system running along 
each side of the bed. the problems are 
somewhat magnified. Again, as with the 




















fixed-bridge machines, the operator must be 
positioned on the work surface, or the spin- 
dles must be moved to an extreme y-axis 
position to replace or exchange cutters, 

Planer-type machines are large and repre- 
sent a major capital investment. Therefore, 
their use is generally restricted to removing 
large amounts of metal from massive work- 
pieces such as mill or power-plant compo- 
nents or to mass-production milling in 
which identical workpieces are arranged in 
a row to be milled together. Tables are often 
split to permit simultancous setup and mill- 
ing of the work. 





Special-Purpose Machines 

Innumerable special-purpose milling ma- 
chines have been designed and built, some- 
times for use on special workpiece configu- 
rations, but more often for high-volume 
production of a specific part. Most special- 
purpose machines are combinations of two 
or more of the basic machines described 
earlier in this articl 

The cost of special-purpose milling ma- 
chines can be justified only for the contin- 
uous high production of identical work- 
pieces or if several operations can be 
combined in one handling to reduce manu- 
facturing costs. Specially designed ma- 
chines are usually more readily adapted to 
automatic control than are standard ma- 
chines, although standard machines can be 
automated to various degrees. Special-pur- 
pose machines include the following: 
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* Profilers 

* Duplicators (die sinking machines) 
* Rotary millers 

* Planetary millers 


Profilers. Milling machines that can dupli- 
cate external or internal profiles in two 
dimensions are called profilers or tracer- 
controlled contouring machines. As shown 
in Fig. 13, a tracing probe follows a two- 
dimensional template and. through elec- 
tronic or air-actuated mechanisms, controls 
the cutting spindles in two mutually perpen- 
dicular directions. The spindles (usually 
more than one) are set manually in the third 
dimension. 

Duplicators produce forms in three di- 
mensions. A tracing probe follows a three- 
dimensional master. Often the probe does 
not actually contact the master; a variation 
in the length of a spark between the probe 
and the master controls the drives to the 
quill and the table, thus avoiding wear on 
the master or possible deflection of the 
probe. On some machines, the ratio be- 
tween the movements of the probe and 
cutter can be varied. 

Duplicators are widely used to machine 
molds and dies. They are extensively used 
in the aerospace industry to machine parts 
from wrought plate or bar stock as substi- 
tutes for forgings: in such cases, the small 
number of parts required would make the 
cost of forging dies uneconomical. To a 
great extent, profilers and duplicators 
been replaced by NC machines, in which а 
punched tape or a computer input elimi- 
nates the need to make a template or a 
master mold. Die shops are also using dou- 
ble-column, table-type vertical/horizontal 
portal-type machines in place of profilers 
and duplicators. 

Rotary millers, usually of the vertical- 
spindle type. are used for such operations 
as contour and slab milling. channeling. 
milling tongues and jaws, trepanning, and 
end milling. These machines, however. are 
suited primarily to the production of large, 
heavy components in small or medium 
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quantities. Where mass production is con- 
templated on parts with surfaces that can be 
face milled in a single pass, a single-purpose 
type of rotary miller is employed 

fixtures mounted on the table prov: 
virtually continuous cutting; parts are load- 
ed, passed first beneath the roughing and 
then the finishing spindle, and automatically 
released for replacement with a rough part. 

Rotary-Table Milling Machines. Some 
types of face milling in mass-production 
manufacturing are often done on rotary- 
table milling machines. These machines are 
adaptations of the vertical milling machine 
to a specialized use. In this case, there are 
two vertical spindles, each equipped with a 
facing mill. Cylinder heads, for example, 
are roughed at the first station and then 
finish milled as they pass the second sta- 
tion, while the workpiece is held in fixtures 
on the rotating table. The operation is con- 
tinuous, and there is ample time for the 
operator to load and unload the machine 
during the milling. This machine is fast but 
is limited to the milling of flat surfaces. 

The rotary-head milling machine is an 
unusual departure from conventional rotary 
machines. Suited primarily to tool. die, and 
small-quantity production, this miller adds 
to the versatility of the rotary-table machine 
but is designed for much smaller parts. 
Intricate radial cam work can be readily 
produced from drawings without the use of 
templates. 

Rotary-Drum Milling Machine. Having 
as many as five horizontal spindles, this 
machine is designed for the mass produc- 
tion of large parts such as motor blocks. 
gear cases, and clutch housings. On these 
machines, parts are carried in fixtures 
mounted on a drum, which rotates continu- 
ously, carrying the parts between adjustable 
face mills. 

The rotary vertical-offset milling machine 
also uses a rotating table with fixtures. Cut- 
ters are carried on a short vertical spindle, 
which rotates on an axis eccentric to the table 
axis. Suited primarily to the production of 
small machine parts, the offset miller can 
perform facing. slotting, sawing. straddle 
milling, and some simple form milling. 


































Planetary milling machines, also 
known as eccentric-drum millers, employ 
eccentric drums that carry the milling spin- 
dle. These units are so named because of 
the automatic planetary action obtained 
(Fig. 14). Adapted to internal or external 
thread milling where high production is con- 
templated, the planetary machine simplifies 
the manufacture of parts that are difficult to 
hold on swing. It also simplifies the produc- 
tion of concentric bores or diameters. either 
plain or threaded. Both cutter rotation and 
feed are provided by the eccentric drums: 
the part being milled is held stationary dur- 
ing the processing. For thread milling with 
multiple-thread mills, the drums are provid- 
ed with a lead screw feed, and they finish an 
entire thread in one and a small fraction of a 
revolution. The work possible ranges from 
about 7.9 to 508 mm (16 to 20 in.) diameter 
and from about 16 to 508 mm (% to 20 in.) in 
inside diameters with thread leads up to 
28.58 mm (1.125 in.). Length of milled sur- 
faces in most cases should not exceed ! to 
1% times the diameter. For special opera- 
tions, many single-purpose variations of the 
planetary principle in both horizontal and 
vertical models are employed. Howev n 
most cases. these machines require special 
cutters and fixtures and are therefore suited 
primarily to mass-production output. 

Machining Centers. In terms of con- 
struction, many machining centers are sim- 
ilar to the basic types of manual milling 
machines discussed earlier (see the section 
“Machining Centers” in the article *' Multi- 
ple-Operation Machining" in this Volume). 
Some small machining centers are patterned 
closely after the ram-type milling machine. 
Vertical-spindle machining centers in the 
medium size category are constructed sim- 
ilarly to fixed-bed vertical milling machines. 
Both fixed-bed and gantry-type planer mill- 
ing machines are commonly fitted with nu- 
merical controls, although this type of ma- 
chine does not meet the definition of a 
machining center. 

Medium-size horizontal-spindle machin- 
ing centers, on the other hand, do not have 
а common manual twin: the bed is fixed, but 
the machine is capable of more motions 
than all but a few fixed-bed horizontal ma- 
chines. A table and saddle combination 
provides feed motion in the longitudinal 
direction and to and from the column face. 
Vertical-spindle feed is provided by mount- 
ing the spindle carrier on column ways or by 
mounting the spindle in a quill. 

‘The machining center offers a number of 
basic advantages relative to manual milling 
machines. Productivity is generally much 
higher. even though metal removal rates 
may vary only slightly. The reason is that 
the machining center generally spends 
about 70 to 80% of its time cutting chips, 
compared to about 20 to 30% for a manual 
milling machine. The reasons for this in- 
clude the following: 
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* The machining center can perform many 
different operations in addition to milling: 
this often eliminates the need to move the 
part to another machine 

* It can work on several sides of the part 
without à new setup 

* [t can often accurately hold close tole 
ances and relationships without special 
Jigs or fixtures 








The machining center also provides for 
greater repeatability than a manual milling 
machine. Although a highly skilled machin- 
ist can hold very close tolerances on a 
manual machine, a machining center can 
hold close tolerances day after day, without 
depending on the skill and attentiveness of 
the machinist. Furthermore, a tape can be 
put away and reused several months later; it 
will still produce identical parts. 

The configuration of the part is extremely 
important in determining whether it would 
be most efficiently produced on a manual 
milling machine or on a machining center. 
The following types of parts are generally 
well suited to machining centers: 





* Parts machined on several faces 

* Parts requiring a large number of opera- 
tions 

* Parts with close tolerances 

© Parts in which design changes are antici- 
pated 

* Parts that are very expensive (because a 
machining center rarely produces a scrap 
part 

It should be noted that nearly all the advan- 

tages attributed to machining centers also 






Planetary action and cutter path of an eccentric-drum miller. (a) Internal work. (b) External work 
Cutter is shown in neutral position for loading (left), in radial feed to depth (center), and in planetary 


apply to automated batch-manufacturing 
systems and transfer lines. Machining cen- 
ters are most useful in small production 
runs in which each batch differs significant- 
ly from the other: 


Optimization of 
Milling Machine Setup 


Setup often accounts for most of the time 
required in milling one or a few pieces. 
When a variety of work is to be milled, time 
can be saved by planning and scheduling the 
jobs so that similar parts are milled in suc- 
cession. 

A milling machine be tooled in differ- 
ent ways to obtain the lowest cost with 
different quantities of pieces. Some com- 
mon milling arrangements are illustrated in 
Fig. 15. 

Plain, or simple, milling (Fig. 15a) in- 
volves the loading and milling of one piece 
at a time and is the usual arrangement for 
onc or a few pieces. Cutting time is saved in 
string. or line, milling (Fig. 15b) by having 
two or more pieces arranged in a row bc- 
cause the cutter can enter one piece as it 
leaves another. Efficiency is achieved by 
arranging for the operator to load at one 
station while the cut is taken at another, as 
in reciprocating milling (Fig. 15d). In this 
arrangement, the cutter cuts upward in one 
direction and downward in the other. If this 
is undesirable, it can be eliminated by index 
base milling (Fig. 150. An index base con- 
sists of two plates mounted one above the 
other on the machine table. The upper plate 
carries a fixture on each end and is indexed 
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180° when retracted from the cutters. One 
fixture is then advanced to the cut while the 
other is unloaded and loaded. Fixtures on a 
rotating round table are loaded with pieces 
and fed continuously to the cutter(s) in 
circular, or rotary, milling (Fig. 15h). This 
can be done on a continuous miller with an 
integral rotary table or on an auxiliary cir- 
cular table mounted on a conventional mill- 
ing machine. 

Cutting time is saved when two or more 
cutters are set to work at the same time. 
Duplex milling is shown schematically in 
Fig. 15(с). Gang milling (Fig. 15e) utilizes 
two or more cutters on one arbor. If side 
milling cutters machine two sides of a work- 
piece at the same time, the operation is 
called straddle milling. If the purpose is to 
machine two or more parts side by side, the 
term is abreast milling (Fig. 15g). 











Automatic Feed 
Mechanisms 


Automatic feed can be applied to any or 
all sides on simplex, duplex. or triplex man- 
ufacturing machines. The most critical feed- 
ing device on manufacturing machines is the 
one that drives the table. Four drives are in 
common use: leadscrew and nut box (ball 
screws), hydraulic cylinder, half nut and 
screw, and rack and pinion. 

The leadscrew drive is suitable only for 
short table feeds because of play in the 
components. A backlash eliminator is need- 
ed for climb milling when a leadscrew drive 
is used. Ground screws with recirculating 
ball nuts are used to eliminate backlash in 
modern machines. 

Hydraulic-cylinder drives are usually lim- 
ited to a table feed of about 3 m (10 ft) 
because of compressibility in a long column 
of oil. Hydraulic-cylinder drives are not 
suitable for climb milling because it is diffi- 
cult to control cutter pressure variations. 

Half-nut-and-screw or rack-and-pinion 
drives are both suitable for long table feeds. 
These drives also eliminate backlash, per- 
mit variable speed for workpieces on which 
the amount of stock removal varies, and can 
be used with a tracer roller for contour 
milling. Larger planer-type machine tables 
arc fed with worm-and-rack mechanisms. 





Automatic Controls 


Mechanical-electric, mechanical-hydrau- 
lic, mechanical-electric-hydraulic, and nu- 
merical control are the four types of automat- 
ic controls used on milling machines. Because 
of its high degree of sophistication, numerical 
control has gained wide acceptance. 

Mechanical-electric controls operate by 
means of limit switches that actuate sole- 
noids to engage or disengage mechanical 
components of the machine. Controls of 
this type are used only for single-cycle 
operations that involve few variations. 
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Fig. 15 Common forms of production milling operations 


Mechanical-hydraulic controls arc actu- 
ated by means of a trip plunger having radial 
and axial movement for positioning a hy- 
draulic valve. Mechanical components of 
the machine are engaged or disengaged b: 
oil emerging under pressure from ports 
the hydraulic valve. These controls are used 
only for single-cycle operations involving 
few variations. The addition of a sequenc 
valve and a cycle selector will provide con- 
trol for many variables. The cycle selectors 
are arranged with variable-depth cams that 











depress plungers in a valve block to select 
the direction of all slides, to start and stop 
the spindle, and to control indexing and 
reloading operations. 
Mechanical-electric-hydraulic controls 
are an improvement over the types de- 
scribed above for controlling complex ma- 
chine cycles. These controls utilize an elec- 
tric stepping switch and connectors or on/ 
off switches. By this means, an automatic 
cycle is changed by repositioning the con- 
nectors or resetting the switches. Because 

















this system lacks automatic positioning, the 
operator must set stops for length of tra- 
verse for each sliding component. 

When connectors are used, the tool de- 
signer can punch out the cycle in advance 
on plastic sheets. This punched sheet is 
then forwarded to the shop with the fixture 
and tooling. and the operator has only to 
insert the connectors in the punched-out 
spaces to control the operation automatical- 
ly. 

Numerical Control. The ultimate in 
equipment for production milling is a ma- 
chine with numerical control and an auto- 
matic tool changer. A punched tape or card 
establishes the programming. selects the 
cutter for the tool changer, and determines 
milling speed and feed. The machine oper- 
ator inserts the tape tor card) in the control, 
positions the workpiece on the table with 
reference to the starting point (known as the 
zero joint), and then starts the cycle. All 
operations are performed automatically 
with one handling of the workpiece. Mod- 
ern computer-driven numerical control 
eliminates the tape and can be downloaded 
from the mainframe. 

The advantages of numerical control are 
usually related closely to cost reduction, 
better reproducibility, or both. The more 
important advantages are: 





* Multiple cuts are possible with one han- 
dling of the workpiece 

* All cuts are taken from the same location 
points 

ө Feed and speed are computed, rather 
than being dependent on operator judg- 
ment 

© Results are more consistent because ор- 
erator variables are eliminated 

ө Changes in the machining cycle can be 
made without detailed instructions to the 








operator 
© Operator duties are decreased, thus al- 
lowing more time for housekeeping 


around the machine 

© Closer control of operations permits 
more accurate cost estimates for the mill- 
ing of similar workpieces 

* Irregular contours can be produced effi- 
ciently 








Adapters and Attachments 


Longitudinal T-slots are standard on mill- 
ing machine tables; but cross-table T-slots 
are gaining acceptance. Many workpieces 
can be secured directly to the table by 
means of simple clamps. Workpieces that 
cannot be fastened directly to the table are 
held in standard vises or specially designed 
work holders secured to the table with 
I-bolts. 

All standard milling machines are sup- 
plied with an American Standard taper hole 
in each spindle. Standard tool holders have 
this taper and are available in at least eight 





designs to accommodate all common types. 
of cutters. 

Attachments. The number of special at- 
tachments that can be used to extend the 
use of a milling machine is almost unlimited. 
Some widely used attachments are: 













* Rotary tables, which are fixtures de- 
signed to rotate the workpiece accurately 
through angles for the graduating, index- 
ing. or milling of helices. Rotary tables 
can be operated manually or by power 
Independent or dependent overhead spin- 
dles that have as many as eight speeds: 
these attachments can be applied to any 
machine having a slide in the top of the 
column 

Dividing heads, for accurate indexing to 
the desired angle; these are usually se- 
cured directly to the machine table 

Low- or high-lead attachments, which are 
attached to the end of the table. They are 
driven off the table leadscrew through 
various change gears and into the di 
ing head. They are used to create a helix 
angle in a workpiece being held by the 
dividing head 

Some vertical-spindle machines have a 
provision that permits the use of a key- 
waying or slotting attachment 









Milling cutters vary widely in type and 
size and are broadly classified as peripheral 
mills, face mills, end mills, and special 
mills. Cutters can be of the solid. tipped. or 
inserted tooth types and have the same 
materials as single-point tools. Large cut- 
ters commonly have teeth of expensive ma- 
terial that are inserted and locked in place in 
a soft steel or cast iron body. 

Peripheral mills (Fig. 16) are so named 
because cutting is mainly done by teeth on 
the periphery to produce the finished sur- 
face. A peripheral mill is usually mounted 
on an arbor with the axis parallel to the 
surface being milled. Peripheral mills arc 
further classified as slab mills. slotting cut- 
ters, half-side mills, angle cutters, and form 
cutters. Circular saws are also a type of. 
peripheral mill. 








\ 
\ 
\ 
Root diomerer— 
i Nomenclature for essential features of 
Fig. 17 milling cutters 


Peripheral mills are available in a wide 
range of diameters, widths, and width-to- 
diameter ratios, Straight or spiral cutting 
edges are also available. The most widely 
ble range of diameters for peripheral 
s from about 102 to 457 mm (4 to 18 











mill: 
in.). 

Slotting cutters as thin as 4.8 mm (“ie in.) 
can be obtained in diameters up to about 
127 mm (5 in.). The minimum available 
width increases with diameter. For exam- 
ple, in a 305 mm (12 in.) diam cutter. the 
minimum thickness is usually 11 mm (ле 
in.). Slab mills represent the opposite ex- 
treme in width-to-diameter ratio and arc 
often four or five diameters wide. 

Thin slotting cutters or complicated form 
cutters are usually of the solid type. regard- 
less of diameter. Plain peripheral milling 
cutters less than about 76 mm (3 in.) in 
diameter are usually of the solid type; larger 
ones have inserted blades. Most peripheral 
cutters have zero to positive radial rake, 
with cither positive or negative axial rake. 

Face mills (Fig. 16) are so named because 
the workpiece surface is produced by the 
face of the cutter. although the outside 
diameter or bevel-cutting edge removes 
most of the stock. The cutter is driven by a 
spindle on an axis perpendicular to the 
surface being milled. 

Face mills can be made to almost any 
size, but usually range in diameter from 70 
to 508 mm (2% to 20 in.). Face mills smaller 
than 70 mm (2% in.) are seldom needed, and 
machine power and rigidity restrict the use 
of cutters larger than 508 mm (20 in.). Face 
mills less than 76 mm (3 in.) in diameter are 
usually machined from solid; large face 
mills characteristically have inserted 
blades. The tooth design on face mills is 
usually one of the following: 


* Double positive (positive axial rake and 
positive ra rake) 

* Double negative (negative axial rake and 
negative radial rake) 

© Negative radial rake, positive axial rake. 
and a corner angle 























End mills (Fig. 16) have cutting edges on 
both the face end and the periphery: there- 
fore. they can be used for facing cuts, 
peripheral cuts, or both. As peripheral cut- 
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18 Nomenclature of tooth design of milling 
cutters 


Fig. 


ters, they can be used to form either plane 
or irregular surfaces on the workpiece. 

End mills are generally available in diam- 
eters of 1.6 to 102 mm (ie to 4 in.), although 
larger ones have been used. End mills less 
than 51 mm (2 in.) in diameter are usually 
made of solid too! steel: those larger than 51 
mm (2 in.) have inserted blades of either 
high-speed steel or carbide. 

End mills normally have zero to positive 
radial rake and positive axial rake, Axial 
rake angles in the form of true spiral or helix 
angles will produce smoother surfaces. For 
a combination of end and peripheral cutting, 
а cutter with a right-hand cut and a right- 
hand helix is used. For peripheral milling 
only, most cutters have a right-hand cut and 
a left-hand helix, but they can also have a 
left-hand helix and a right-hand cut. 

Special milling cutters can be made to 
almost any design. For example, the teeth 
can be of either the profile-sharpened or the 
form-relieved type and can be integral with 
the body or inserted. The cutter can be 
designed for mounting on an arbor or direct- 
ly on the spindle nose, or it can have 
shank integral with the body. Special cut- 
ters can be used singly, or they can be made 
in sections and combined to mill the desired 
contour. Material and angle considerations 
that apply to standard cutters generally also 
apply to the special designs. The higher cost 
of special cutters can often be justified by 
combining operations, thus reducing ma- 
chine time and machining cost. 

The nomenclature of milling cutters is 
illustrated in Fig. 17 and defined below. 
These terms apply primarily to plain milling 
cutters. 

Outside diameter is the diameter of a 
circle passing around the peripheral cutting 
edges. and it is used to calculate surface 
speed from spindle speed. 

Root diameter is the diameter of a circle 
tangent to the roots of the teeth fillets. 

The tooth is the part of the cutter starting 
at the body and ending with the peripheral 
cutting edge. Inserted teeth are called 
blades. 
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Tooth face is the surface of the tooth 
between the fillet and the cutting edge, 
where the chip slides during cutting. 

Land is the area behind the cutting edge 
on the tooth that is relieved to avoid inter- 
ferenci 

Flute is the space for chip flow between 
the teeth. 

Fillet is the radius at the bottom of the 
flute to promote chip flow and curling. 

The following terms refer to tooth design 
(Fig. 18). 

Peripheral cutting edge is the edge 
aligned principally in the direction of the 





Table 1 Tool geometry used on arbor-mounted side and slot m 


cutter axis. In peripheral milling, it is the 
edge that removes metal. 

Face cutting edge (not shown in Fig. 18) 
is the metal-removing edge on a face mill 
that travels in a plane perpendicular to the 
axis. It is the edge that sweeps the milled 
surface in normal face milling. 

Tooth angle is the angle included between 
the face and the land of the cutter tooth. 
This angle should be as large as possible to 
provide maximum tooth strength and better 
dissipation of heat. 

Radial rake angle (shown as positive in 
Fig. 18) is the angle between the tooth face 














ng cutters 


teeth for milling ferrous and nonferrous alloys 


and a radial line passing through the cutting 
edge in a plane perpendicular to the cutter 
axis. 

Clearance angle is the angle included 
between the land on the back or flank of the 
milling cutter tooth, and the tangent to the 
periphery of the cutter at the cutting edge. 
Clearance angles are always positive and 
are usually divided into primary and sec- 
ondary angles (Fig. 18). 

Axial rake angle (not shown in Fig. 18) is 
measured between the peripheral cutting 
edge and the axis of the cutter, when look- 
ing radially at the point of intersection. For 


with high-speed steel or carbide 







































T High-speed steel 1 1 Carbide 3 
Axial Radial Аы Axil Radial 
rake rake relief Radial relief Radial rake relief relief 
angle. angle. angle, angle. Axial rake angle, angle, angle, 
Material Hardness, HB degrees degrees degrees degrees angle. degrees degrees degrees degrees 
Wrought free-machining carbon steels, 
wrought and cast carbon steels, wrought 
free-machining alloy steels 85-28 10-15 WIS 3-5 48 Oto 5 Sto $ 24 I 
325-425 10-12 82 34 48 0t-5 -5105 24 5-8 
45-82 HRC 10-12 2 24 MI 510 -10 010-10 24 E 
Wrought and cast alloy steels 2 025-425 ма? 5-2 355 48 -510-10 01-10 25 5-8 
45-52 HRC 10-12 5102 24 x -5 to -10 00-0 2-4 36 
Wrought high-strength steels, maraging 
steels, and tool Мес»... 100 HB-S2 HRC шы 50 24 37 -5 to -10 010-0 24 ss 
Wrought nitriding steels 200-350 юа? 82 24 3-7 -510 -10 ошо 24 у 
Wrought armor plate 250-320 0-5 0-5 24 x 510-10 — -Sto-10 — 24 3-5 
Wrought structural steels ; . WO HB-SOHRC — 10-12. 52 3$ m 01o -5 бю-0 24 5-8 
Wrought free-machining stainless steels 135-425 10-32 $2 345 48 os -5105 24 5% 
Wrought and cast ferritic and austenitic 
stainless steels 2 wo £2 34 48 os -5105 24 5-8 
Wrought and cust martensitic stainless steels 10-12 2 24 7 Sto -10 00-10 24 E 
Wrought and cast precipitation-hardening 
stainless месі. à 2 150-450 зм 24 Oto -5 010 -10 s 
Gray, ductile, malleable cast irony... 100-400 шы? 24 0 to -10 Sto -10 5-8 
Wrought und vast aluminum alloys 30-150 (500 kg) 1020 5-7 10-20 5-15 7-10 
Wrought und cast magnesium alloys 40-90 (500 kg) (20 57 10-20 5-15 7-10 
Wrought titanium alloys. 110-440 5-10 5-7 Oto -10 0 to —10 5-8 
Wrought and cast copper alloys 40-200 (500 kg) 1020 5-7 10-20 5-10 58 
Wrought and cast nickel alloys pes 80-360 10-15 34 -5 10 -10 Oto -10 E 
Wrought and cast high-temperature alloys. . 140-300 10-15 1-5 Sto -10 Oto —10 58 
3003475 5-12 1-5 —Sw -10 Oto -10 5 
Wrought, cast, and P/M niobium and 
molybdenum alloys - - n x . 179-290 0 15-20 3-5 5-10 0 5-15 7-10 7-10 
Wrought, cust, and P/M tantalum alloys . 200-250 n 15-20 35 5-10 0 5-15 7-10 7-0 
Wrought, cast, and P/M tungsten alloys 180-320 nU ] d =10 to -15 5-15 1015 10-15 
Cast zinc alloys .. 80-100 10-20 10-20 5-7 BIL 10-15 10-15 7-10 7-10 





Source: Metcut Research Associates Inc. 
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ing cutters with high-speed steel, indexable carbide, and brazed 


















































High-speed steel = End 
T it | рвав аас. [— вада Grille —T cutting лш Кады 
Take кыы Яше Radial rahe Яшем Radial rake Corner “edge” relef reef 
ange, тю angie ane. pathy ct ga ch igi GI A i 
Material Hardness На degrees буш бу аел daa бунт бшш эры dana qn 
Wrought and cast free-machining 
carbon steels and carbon steels. 85-270 10-15 10-15 57 =5 10 -14 010 —7 010-7 a0 5-10 5-7 3-7 
Wrought and cast free-machining alloy 
steels and alloy steels " 3 10-15 10-15 -—4to-8 -3to - I 010 7 Oto -7 30 5-10 5-7 3-7 
Wrought maraging steels и 3254: 10-12 10-12 —410 -8 зю | Oto —10 Oto -10 EU 5-10 5-7. 3-7 
Wrought tool ste " 41-80 HRC 5-10 5-10 —4to-8 —3@е—!+ -Sto-I8 Sto -15 45 47 5-7 7 
Wrought structural steels 50-56 HRC 4110-Х 10-10 -Sto-IS —Sto 15 45 47 
Wrought high-strength steels 225425 5-10 0-10. —4to -8 to ~il Sto -15 -5 to – 15 45 47 
45-58 HRC ” -4t0-8 -3to-Il —-Sto-15 Sw -15 45 47 
Wrought nitriding steels | 200-350 5—10 5-10 -410-8 310-11 01:0 10 50 -15 45 5-10 
Wrought armor plate 250-320 0-5 os -74to- 310 - 1I Oto -10 -Sto -15 45 47 
Wrought free-machining stainless steels 135-275 10-15 10-12 5-11 -510 -I1 0 OS 45 5 
275-425 510 5-10 5-1! -$10 -ll 0 Ow - 5 45 $ 
Wrought and cast ferritic and austenitic 
stainless steels. , 135-275 10-15 10-12 5-и -$10 -11 0-5 Oto -5 45 5 8-10 8-10 
Wrought and cast martensitic stainless. 
steels, 135-425 5-10 5-10 5-1! Sto | о Oto -5 45 5 8-10 к-10 
Wrought and cast precipitation-hardening 
stainless steels. 150—450. 5-10 5-10 5-7 0-5 0 0 45 $ ко B10 
Gray, ductile, malleable, compacted 
graphite, and white cast irons. 100—200 20-30 -Sto-10 5-1! 510-1 5-10 Sto -10 4S 5-10 47 47 
Wrought and cast aluminum alloys 30-150. 20-35 20-35 5-7 9-5 10-20. 10-20. 45 7-12 3-5 10-12 
(500 ke) 
Wrought and cast magnesium alloys 40-90. 20-35 20-35 0-5 10-20 10-20 45 7-12 3-5 10-12 
(500 kg) 
Wrought and cast titanium alloys 110-440 $; 5 Ow -S Oto -5 Oto -5$ -10 45 6-12 10-12 10-12 
Wrought and cast copper alloys 40-200 12-: 10-12 5-7 os 3-10 3-10 45 7-12 3-5 5-10 
(500 kg) 
Wrought and cast nickel alloys, 
chromium-nickel, and 
beryl ickel alloys хо 160 7 15 5-1! -5 10 – 14 5-10 Ото 5 45 5 7-9 7-9 
Wrought nitinol alloys " 210-340 5-7 0-5 0 ° 45 10 2 12 
(48-60 HRC) 
Wrought and cast high-temperature alloys. 200-475 5-10 5-10 Oto -5 0-5 Oto -5 45 5 7-10 7-10 
Wrought, cast. and PIM niobium alloys 170—225 ° x 0-5 ° 10 45 5-10 10 10 
Wrought, cast, and P/M molybdenum alloys... 220-290 0 20 Os 0 0 45 5-10 10 10 
Wrought, cast, and P/M tantalum alloys 200-280 o 20 0-5 0 0 45 5-10 10 10 
Wrought, cast, and P/M tungsten alloys 180-320 8-30 -1Il als 0 45 5-10 15 15 
Сам zinc alloys .. 80-100 10-15 10-15 9-5 10-12 10-12 45 7-12 10. 10-12 
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a cutter with helical teeth, the axial rake 
angle equals the helix angle. 

Blade setting angle, or cone angle (not 
shown in Fig. 18), is the nominal angle with 
the cutter axis. along which the blades are 
moved for adjustments. The cutter angle 
combinations given in Tables | to 3 have 
proved satisfactory for milling a wide range 
of metals and alloys using high-speed steel 
and carbide (both brazed and indexable) 
cutters for peripheral. face, and end mills. 





Material for Milling Cutters 


There are three basic types of construc- 
tion for milling cutters: 
е Solid 


* Inserted blade 
@ Indexable insert 





The solid and blade types can be resharp- 
ened and are often referred to as grind-type 
cutters. Although indexable-insert cutters 


are widely used, grind-type cutters are still 
required for certain applications. One ad- 
vantage of grind-type cutters is that their 
geometry can be tailored to suit a wide 
variety of milling applications: in addition, 
runout can be controlled more closely than 
with other types of cutters. 


Solid Milling Cutters 
Solid milling cutters are made from one 
piece of steel (usually high-speed steel) or 
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Table 3 Tool geometry for high-speed steel end mills for the peripheral and slot 


nonferrous alloys 





ing of ferrous and 





General purpose — 30-35" helix: steels, cast irons, copper alloys, 























ande E E MM |- чей быдан йара нй ——————{ 
oed Radial primary Pes Radial secondary Radial primary зари Radial secondary 
iameter. relief angle, тагу wi us relief angle, Primary land widtl clearance angle, 

amt cc rs E a rn ыу р 
16 Vin се .. 29-21 0.18-0.25 0.007-0.010 20-22 0.18-0.25 0.007-0.010 

3 ж ж sere 12-13 0.25-0.38 0.010.015 0.25-0.38 0.010-0.015 

4 Yin 12-13 0.25-0.51 0.010-0.020. 0.25-0.51 0.01040.020 

6 M se 10-1 0.25-0.51 0.010-0.020 0.25-0.51 0,010-0.020 

7 Ув " 10-11 60.38-40.64. 0.015-0.025 0,380.64. 0.0154),025 

8 r 10-11 4,380.64. 0.015-0.025 0,380.64. 0.015-0.025 

10 An 9-10 0.51-0.76 0.020-0.030 0,51-0.76. 0.020-0.030. 

12 и 9-10 0.51-0.76 0.020-9.030 0.51-0.76 0.020-0.030. 

14 * r ‚9-0 0.64-0.89 6.025-4,035 0.640. 89. 0,025-0,035 

16 Ye к-9 0.76-1.00 0.030-0.040 0.76-1.00 0.030.040 

20 E 9 0.76-1.00 0.030-0.040. 0.76-1.00 0.0300.040 

22 | Or RY 0.89-].Y 0.035-0.050 0.89-1.27 0.035-0.050 

25 MA 7-8 100-152 /0.040-0.060. 1,001.52 0.040-0.060. 

32 n^ p 78 1.00-1.52 0.040-0.060. 1.00-1.52 0.040-0.060 

40 |. +.» e TR 1.00-1.52 0.040-0.060 1.00-1.52 0.040-0.060 

45 2 6-7 1.00-1.52 0.040-0.060. 1.00-1.52 4.040-0,060. 
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carbide by machining the required shape 
and number of teeth. with the specified 
cutting and relief angles ground on the 
teeth. The cutters can be tipped with cast 
alloy or carbide cutting tool materials if this 
is warranted by either the nature of the 
work material or the production require- 
ments. Solid cutters are usually the lowest 
in initial cost, depending on size, and there- 
fore may be best for short runs or general 
toolroom use 

High-speed steel is widely used as a tool 
material for all types of milling cutters. With 
high-speed steel, the cutter body and teeth 
can be integral. The required shapes are 
machined from annealed high-speed steel 
and then hardened and ground to a finished 
cutter. Many large cutters of simple design 
consist of high-speed steel blades inserted 
in bodies made of heat-treated alloy steel. 
However, as cutter shape increases in com- 
plexity, the usc of separate blades becomes 
more difficult. Consequently. complex cut- 
ters are often made from solid high-speed 
stecl, regardless of size. 

Cutters made from the more highly al- 
loyed grades of high-speed steel (especially 
those containing cobalt) have higher hot 














hardness than the general-purpose grades. 
The higher hot hardness permits faster cut- 
ting speeds. As illustrated in Fig. 19(a). in 
end milling 4340 steel quenched and tem- 
pered to 49 HRC, the cutting speed for a 
tool life of 1270 mm (50 in.) of workpiece 
machined was approximately 14 m/min (45 
sfm) for M7 high-speed steel and 21 m/min 
(70 sfm) for T15 high-speed steel, an in- 
crease of more than 50%. 

The life of milling cutters of T1, MI. and 
MIO high-speed steels decreases quickly as 
the hardness of the workpiece rises beyond 
35 HRC. The more highly alloyed high- 
speed steels can be used to cut work at 35 
to 50 HRC. For work that is harder than 
50 HRC, cutters of high-speed steel would 
have limited service lives, as shown in Fig. 
19(b). 

Solid carbide cutters are used for work 
that is harder than 50 HRC. Carbide cutters 
are better, in general, because they are used 
at cutting speeds three to six times those for 
high-speed stecl. The smallest cutters (es- 
pecially end mills) are sometimes made of 
solid carbide, but high cost and high suscep- 
tibility to breakage limit the usc of soli 
ialized applications. 














On many of the nickel or cobalt-base high- 
temperature alloys. such as U-500 and HS-25, 
carbide milling cutters are not recommended, 
Tool life is usually poor in milling these alloys 
with carbide. because of edge chipping. Cut- 
ters made of cast cobalt-chromium-tungsten 
alloys have been unsatisfactory for the milling 
of nickel or cobalt high-temperature alloys. A 
combination of low cutting speed and a cobalt 
high-speed cutter is required for milling these 
alloys. Figure 19(c) indicates the advantage of 
TIS over TI high-speed steel, as well as the 
effect of cutting speed on the life of both tool 
materials, in the face milling of U-500. The 
performance of all high-speed cutters, includ- 
ing the high-cobalt types. is greatly improved 
by the addition of a titanium-nitride coating. 


Inserted-Blade Cutters 

Many milling operations are performed 
with cutters that use a high-speed steel or 
carbide cutting material locked by mechan- 
ical means in a steel body. Some cutters 
have the material brazed to the body. An 
advantage of cutters that use a mechanically 
locked cutting material is that the body of 
the cutter does not have to be replaced 
every time the cutting material wears out 
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Fig. 20 Nomenclature for an indexable-insert milling cutter 
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These cutters are normally higher in initial 
cost than solid cutters, but generally prove 
to be lowest in unit cost per piece on 
production runs. 

The first milling cutter to use nonintegral 
cutting edges was called an inserted-blade 
cutter. The bodies of inserted-blade milling 
cutters are generally made of carbon steel, 
forged alloy steel, or cast steel, depending 
on the strength and hardness required 
Small cutters with brazed tips are frequent- 
ly made of high-strength cast iron. When a 
hard cutter body is desired, a carbon steel 
such as SAE 1095, 4140, or other suitable 
steel. heat treated to 42 to 48 HRC, can be 
used. 

Blades for inserted-blade cutters are usu- 
ally made of high-speed steel, solid carbide, 
carbide-tipped material, or cast alloy, and 
they are brazed or wedged into place. These 
cutters are ideal for close-tolerance finish- 
ing operations because the blades can be 
reground while in the cutter body, thus 
eliminating the cumulative tolerance error 
associated with some types of indexable- 
insert cutters. 

Solid and brazed-tip cutters are used less 
frequently for the production of simple flat 
surfaces because of the production econo- 
mies offered by indexable-insert cutters. 
However. because they can be produced 
relatively inexpensively in a wide variety of 
configurations, they are still commonly 
used for many more complex shapes, such 
as gear teeth, concave or convex surfaces, 
radiused corners. keyways, and especially 
small-diameter end-milled surfaces. 





Indexable-Insert Cutters 

The indexable-insert cutter is a recently 
introduced style of construction for milling 
cutters that is being extensively used (Fig. 
20). These cutters use a small cutting insert. 
normally made of carbide, coated carbide, 
ceramic, or diamond implanted on a carbide 
substrate. The insert has one or more cut- 
ling edges located at various corners and 
often on both sides. In the case of round 
inserts, the cutting edges are located around 
the circumference. The inserts are locked 
into place with mechanical clamping devic- 
es such as wedges or clamps. When they 
become dull, the inserts are indexed or 
repositioned so that new cutting edges con- 
tact the workpiece. 

The role of insert configuration in milling 
is illustrated in Fig. 21. which shows typical 
throwaway inserts for rough and finish face 
milling. Inserts used for rough face milling 
can leave serrated grooves on the machined 
surface. The flat corner used for finish face 
milling produces a smoother machined sur- 
face. However. because of the increased 
width of contact and lack of clearance. 
finish face milling cuts must be taken at 
much lower feed rates than those used for 
rough milling. 
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(a) 
Fig. 21 


(b) will leave a smoother finish on the workpiece 


The advantages of indexable-insert cut- 
ters include the elimination of regrinding. 
low cost per cutting edge. and the availabil- 
ity of inserts in a wide variety of cutting 
materials and geometries. Disadvantages in- 
clude higher cutting forces and the possibil- 
ity of rougher surface finishes being pro- 
duced. 

Indexable inserts for milling cutters 
can be located or clamped by the use of 
nonadjustable insert pockets, adjustable 
pockets. open slots and rails, and cartridg- 
es. 

The nonadjustable insert pocket design 
(Fig, a) locates the insert axially and 
radially on two locating rails, which are an 
integral part of the cutter body. This pocket 
design is strong and allows the cutter to be 
indexed without a setting fixture. One dis- 
advantage of the design is that, over extend- 
ed periods of time, the pockets may lose 
their accuracy and require costly refurbish- 
ment. In some welded anvil designs, the 
anvil seat can be replaced 








Insert configuration used for roughing (a) and finishing (b) milling operat 
rough face milling (a) leaves a serroted finish on the workpiece, while the flat edge used for finish milling 


(b) 


s. A throwaway insert for 








A variation of the nonadjustable pocket 
design overcomes this problem by using a 
small threaded button within the pocket to 
provide axial location. By using a button of 
a different thickness, axial insert location 
can be changed whenever necessary. An- 
other method of providing axial location is 
to use rest pads under the inserts. 

Adjustable Insert Pockets. The adjust- 
able-pocket type of cutter body design (Fig. 
22b) uses an adjustable locating support that 
lows variable positioning of the insert 
axially with respect to the cutter body. Face 
runout due to body inaccuracy is largely 
eliminated by this design—at a cost of some 
reduction in strength. Inserts in a cutter 
with this style of pocket can be indexed on 
the machine, although. occasional pocket 
justment on a setting fixture is required. 

The open slot and rail design is the third 
basic design for cutter body pockets ( 
22c). Strictly speaking. there is no pocket: 
the insert is radially located in a precision 
rail and is wedge locked. A setting fixture is 






























used to locate the insert axially during in- 
dexing. This design provides the possibility 
of minimizing face runout because the in- 
serts are set to a common face plane. 

The cartridge style of holding indexable 
inserts allows axial adjustment and changes 
in geometries and Jead angles. In case of 
damage. the cartridges are easily replaced 

Milling Inserts. Inserts used for milling are 
usually different from those employed for 
turning. Heavier-duty inserts of different 
grades, precision ground and having distinct 
corner geometries and edge preparation, are 
generally used for milling, and chipbreakers 
are seldom required, Scalloped-cdge inserts 
are unique to milling; extensive use of on- 
edge inserts as opposed to conventional insert 
mounting is also a feature of milling. 

Scalloped-Edge Inserts. Square, rectan- 
gular. and round inserts with scalloped or 
serrated cutting edges are used exclusively 
for milling cutters. The inserts are arranged 
in the cutter so that each insert removes the 
ridges left on the workpiece by the preced- 
ing insert. Two-phase square inserts break 
the cut into two smaller cuts, three-phase 
triangular inserts break it into three cuts, 
and four-phase square or rectangular inserts 
break it into four cuts. Scalloped-edge in- 
serts reduce cutting forces, thus allowing 
deeper and faster milling. 

On-Edge Inserts. Larger milling cutters 
with the inserts mounted for edge cutting 
are available (Fig. 23). For some applica- 
tions, faster stock removal rates and longer 
cutter life are obtained. With the on-edge 
design (Fig. 23b). the maximum cross sec- 
tion of each insert is behind its cutting edge. 
thus increasing rigidity. Tangential cutting 
forces. the key factor in power consump- 
tion, are directed along the plane of each 
insert to make optimum use of the high 
transverse rupture strength of the carbide, 
and bending loads are reduced. 




















(a) 


Fig. 22 


surfaces. 


(b) 


te) 


Three methods of clamping indexable inserts in milling cutters. (a) Nonadjustable pocket. (b) Adjustable pocket. (с) Open slot and rail. Shading indicates locating 


Secondary Factors 
Affecting Choice 
of Tooling Material 


Other factors to be considered in select- 
ing the tool material for milling cutters are: 


* Rigidity of setup 
* Available horsepower 
* Cutter-sharpening facilities 


Rigidity of setup is particularly impor- 
tant when carbide milling cutters are used. 
Looseness in the bearings or slides of the 
machine can result in vibrations that lead to 
poor cutter life. If the setup cannot be made 
rigid, high-speed steel cutters should be 
used. 

Available Horsepower. Carbide cutters 
give optimum results when used at higher 
speeds. As speed is increased, more power 
is required. Therefore, when considering 
the use of carbide cutters, it should be made 
certain that enough power is available. 

Sharpening Facilities. Carbide cutters 
are more difficult to sharpen than high- 
speed steel cutters. Diamond wheels are 
commonly used. although some grinding 
machines use silicon carbide wheels for 
grinding carbide cutters. 











Geometrical Relation 
of Cutter to Work 


Axial rake. radial rake, and corner angle 
in face milling are respectively equivalent to 
back rake, side rake, and side cutting edge 
angle in turning. These are the angles by 
which the relationship of cutting edge to 
work is usually defined (see the article 
"Turning" in this Volume for the identifi- 
cation of the basic elements and nomencla- 
ture of a single-point tool). 

The most significant angle in any machin- 
ing operation is the true rake angle. True 
rake angle directly affects the shear angle in 
the chip-forming process and therefore 
greatly affects tool force. power require- 
ment, and temperature. The larger the pos- 
itive value of the true rake angle, the lower 
the force. It is limited in magnitude, how- 
ever, by the strength required of the tool for 
a given machining operation. Negative rake 
or geometry is used when cutting harder 
materials such as Hy 80 and Hy 100 armor 
plate and titanium steels for aircraft appli- 
cations. In milling, the true rake angle is the 
resultant of the axial rake. radial rake, and 
corner angle. 

Figure 24 shows the geometric arrange- 
ment of the various rake angles. Each rake 
angle is measured with respect to a refer- 
ence plane, which. in milling, passes 
through the axis of cutter rotation and the 
point of the tool. True rake (by definition) is 
measured in a plane perpendicular to the 
projection of cutting edge on reference 
plane. 
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Cutting Workpiece Cutting Workpiece 
force reaction force reaction 
(а) (b) 


Fig. 23 Schematics of miling inserts. (а) Conventional wedge-held insert. (b) Orcedge insert. Cutting forces are 
1g. transmitted through the thin section (х,) of the insert in (a) and through the heavy section (x) in (b) 
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Fig. 24 Geometric relations of tool angles and reference plone 
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Fig. 25 Alignment chart for the approximation of true rake 
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Fig. 26 Chart for determining true rake components ond inclination of teeth for milling 


The second angle of importance in ma- 
chining is inclination. This is the angle that 
the cutting edge makes with the reference 
plane, which, by definition, is perpendicular 
to the direction of tool travel. Inclination 
determines the direction of chip curling. 
When the inclination is zero. chip flow is 
virtually in the plane of true rake. 

Many combinations of axial rake, radial 
rake, and corner angle other than those 
listed in Tables I to 3 have been successful- 
ly used in practice. The requirements are: 





€ To select a true rake angle large enough 
for the particular cutting conditions to 
provide effective chip formation and yet 
leave an included angle for the tool large 
enough to provide the required strength 
and heat conduction 

To select an inclination for the cutting 
edge that will provide the desired direc- 
tion of chip flow 








In face milling. positive inclination directs 
the chip outward, and negative inclination 
directs the chip toward the center of the 
cutter. A positive inclination is therefore 
generally desired. 

The alignment chart shown in Fig isa 
semiquantitative guide for the selection of 
true rake angles for various combinations of 
tool materials and common ferrous metals. 
The rigidity scale is a qualitative modifier of 
tool-work combination to allow for various 
degrees of rigidity in work. fixture. or ma- 
chine. Increased rigidity permits a positive 
increase in true rake. 





After the suggested initial value for true 
rake has been selected from Fig. 25, it can 
be resolved into a tentative combination of 
rake and corner angles by means of the 
chart shown in Fig. 26. The inclination 
provided by this combination can then be 
checked on the same chart. 

Example 1: Use of Charts in 
and 26. Assume a face milling oper: 
free-machining 1112 steel with a high-speed 
steel cutter and a setup and machine of 
average rigidity. On the alignment chart 
(Fig. 25), connect the high-speed steel index 
with the upper end of the free hining 
steel block as indicated by line A. and k 
its intersection with the reference axis a 
point 1. Then connect point 1 with the 
average rigidity point by the line B, and 
note its intersection on the true rake line at 
the recommended value of + 15°. 

Next. consult Fig. 26. Usually one can 
begin with a desired or assumed value of 
corner angle—for example. 60°. (For long 
tool life and maximum production, the cor- 
ner angle should be as large as possible. If 
chatter or heavy scale is encountered, the 
corner angle should be decreased.) Note the 
intersection of the true rake corner angle 
line 1 for 60° and the true rake line for 15°. 
‘Through this point draw line 2 connecting 
some tentative value for axial rake (for 
example. 20°} with the radial rake scale, and 
read the value (—5°) for radial rake. 

Next check this combination to find thc 
corresponding inclination. Connect the 20° 
axial rake point with the —S° inclination 
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point by line 3. (Note that the scale for 
radial rake is inverted for determining incli- 
nation.) Read inclination (~ 14°) at the inter- 
section of this line with the vertical line 4 for 
60° corner angle. If some other value of 
inclination is desired (so as to provide a 
different direction of chip flow), a different 
orientation of the line 2 through the 15° true 
rake line must be tried. Many different 
combinations of axial and radial rake angles 
will provide a given true rake with a given 
corner angle, but only one combination will 
provide both a given true rake and a given 
inclination with a given corner angle. 


Effect of Cutter Design 
on Efficiency 


The angular relations of the cutting edge 
greatly affect cutting efficiency. The impor- 
tant elements in these relations, as well as 
their effects, are discussed below. 

Radial rake has a major effect on the 
power efficiency of metal removal and on 
cutter life. Generally. zero to positive radial 
rakes are used on high-speed steel cutters, 
and negative radial rakes on carbide cutters. 
Negative rakes are less efficient, but are 
usually necessary for a satisfactory service 
life for the carbide cutters because carbide 
edges are brittle. 

Axial rake controls chip flow, thrust 
force of cut, and the strength of the cutting 
edges. The axial rake of high-speed steel 
cutters is usually positive, except for end 
mills that cut only on the periphery, which 
often have negative axial rake to transfer 
cutter thrust back against the spindle bear- 
ings while simultaneously applying down- 
ward thrust to the workpiece. Carbide cut- 
ters can have either positive or negative 
axial rake, depending on the workpiece 
material and hardness and on the type of 
cutter. 

Corner Angle. Cutters may have a corner 
angle of 90* to cut a square shoulder, or (as 
in many face mills) may have a corner angle 
ranging from 30 to 60^ to reduce the chip 
thickness and to ease the blades into the cut 
with less shock. 

Clearance. A clearance angle is necessary 
behind all cutting edges to prevent the cutter 
teeth from dragging or rubbing across the 
workpiece. The primary clearance angle (Fig. 
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Fig. 28 


Schematics of conventional (a) and climb 
(b) milling 


18) usually ranges from 3 to 7°, depending on 
the type Of cut and the workpiece material. 

Number of Teeth. A milling cutter should 
have enough teeth to ensure uninterrupted 
contact with the work metal. and yet not so 
many as to provide too little space between 
teeth for chip disposal. Figure 27(a) shows 
cutter teeth so close together that chip 
interference is likelv. This will increase 
power consumption and may result in dam- 
age to the cutter, the workpiece, or both 
Figure 27(b) shows cutter teeth that are too 
far apart; one tooth will leave the work 
before the next is engaged. This will cause 
vibration and chatter, resulting in poor fin- 
ish, dimensional inaccuracy, and excessive 
tool wear. A nearly optimum compromise is 
shown in Fig. 27(c). 

The characteristics of the metal being 
milled also influence the number of teeth in 
amilling cutter. The tooth spacing shown in 
ip. 27(a) would be satisfactory for milling a 
brittle metal such as cast iron because chips 
are fine and therefore less likely to inter- 
fere. The same tooth spacing would cause 
chip problems in the milling of steel or other 
metals that yield stringy chips. 

When other cutting conditions are con- 
stant, an increase in the number of teeth 
causes a finer feed per tooth, resulting in a 
higher specific energy of metal removal and 
causing greater rubbing on the land. ‘This 
condition requires that the cutter be ground 
to closer tolerances to ensure uniform chip 
size. On the other hand, surface finish is 
better with finer feeds. Coarser feed pe 
tooth results in a rougher finish and a higher 
force on each tooth; however. the specific 
energy of metal removal is lower. 

There must be chip space between the 
teeth on the cutter, although excessively 
large flutes between closely spaced teeth 
will weaken the teeth. Obtaining adequate 
chip space does not depend entirely on the 
number of teeth in the cutter. Other design 
features can also contribute. For example, 
in peripheral milling. it is often possible to 
use a helical-tooth cutter when a minimum 
number of teeth are needed for chip space. 
Helical teeth allow a longer period of con- 
tact, thus avoiding the condition that would 
occur when using a straight-tooth cutter, as 






























































Added arbor support that increased the 
rigidity of gang milling setup 


Fig. 29 


shown in Fig. 27(b). Lower peak forces on 
the teeth of helical cutters reduce vibration 
and susceptibility to chatter. 

Limitations in power and table speed also 
affect the number of teeth on the cutter, 
Doubling the number of teeth on the cutter 
requires that the table speed also be dou- 
bled in order to maintain a constant feed per 
tooth. This doubles the metal removal rate 
and power consumption. However, if pow- 
er is available and chips can be disposed of. 
increasing the number of teeth in the cutter 
is one means of increasing productivity 

In face milling, the tooth-contact ai 
usually longer than in peripheral milling. 
Therefore, fewer teeth can be used success- 
fully in face milling when chip space is a 
problem or when available power is limited. 

Spindle speed is established for the most 
economical operation for each cutter diame- 
ter and workpiece and cutter material. The 
number of chips per minute can be varied 
only by changing the number of teeth on the 
cutter. The product of feed per tooth and 
chips per minute (number of teeth times spin- 
dle revolutions per minute) is the table speed. 
Thus. to remain within specific power limita- 
tions when milling at high speed. the number 
of teeth on the cutter can be reduced. This 
reduces the number of chips per minute, 
which in turn reduces table speed. 


























Power Requirements 


The power required for a milling opera- 
tion is usually computed from the metal 
removal rate, as follow 





Р, = uvdw (Eq D 


where P, is the power required at the cut- 
ter, м is the specific energy (in hp/in."/min). 
v is the table speed (in in./min), d is the 
depth of cut (in inches). and w is the width 
of cut (in inches). 

If the metal removal factor is known, vd 
can be divided by the factor to find the 
power required. Equation | gives the aver- 
age power consumption. The instantaneous 
rate of doing work will vary with the chip 
thickness and may be considerably higher 
than the value calculated from Eq 1. How- 
ever, the rotating parts of the machine and 
the cutter act like a flywheel to smooth out 
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power drawn from the motor. Therefore. 
metal removal rates for milling can be safely 
based on calculations of average power 
consumption. In general, the milling of most 
irons and steels requires 4.6 х 10 5 kW/ 
mm? (1 hp/in.*) of metal removal. 





Climb Milling Versus 
Conventional Milling 


The relationships between cutter rotation 
and feed direction in climb milling and in 
conventional milling are shown in Fig. 28. 
In climb milling, as implied by the name. the 
milling cutter attempts to climb the work- 
piece. Climb milling is also called down 
milling. Conventional milling is often re- 
ferred to as up milling. 

In climb milling. chips are cut to maxi- 
mum thickness at the initial engagement of 
cutter teeth with the work and then de- 
crease to zero thickness at the end of en- 
gagement, In conventional milling, the re- 
verse occurs; The chips start with no 
thickness and increase in size as the teeth 
progress through the cut. 

The climb technique can be used for most 
milling applications. Its widespread use has 
been prevented by the lack of rigid ma- 
chines with backlash eliminators, which are 
essential for climb milling. With such equip- 
ment, climb milling has several advantages 
over conventional milling: 











* l'ixtures and holding devices are simpler 
and less costly because climb milling ex- 
erts a downward force on the workpiece 
Cutters with higher rake angles can be 
used, decreasing power requirements 
Chips are less likely to be carried by the 
tooth, reducing the possibility of marring 
the machined surface 
Chip disposal is casier because chips pile 
up behind the cutter rather than in front 
of it 
Cutter wear is less because chip thick- 
ness is maximum at the start of the cut 
€ Finishes are generally improved because 
the rubbing action in starting a chip is 
eliminated 











The main advantage of conventional mill- 
ing is the lower impact encountered at initial 
tooth-workpie: engagement (zero chip 
thickness). Furthermore, the direction of 
milling force compensates for the backlash 
of the feed mechanism. Conventional mill- 
ing is preferred over climb milling in the 
following cases 











© When backlash or clearance exists in the 
feeding mechanism 

© The milling of surfaces on which depth of 
cut varies excessively (for example, by 
20%) 

© The milling of castings or forgings with 
very rough surfaces due to sand or scale 
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Rigidity of Setup 


Optimum results in milling depend greatly 
on good rigidity of the tooling-and-work- 
piece setup. Tool deflection and chatter 
resulting from lack of rigidity cause exces- 
sive tool wear and breakage. damage to 
workpieces, dimensional inaccuracy. and 
unacceptable surface finish. Merely in- 
creasing the size of the arbor holding the 
cutter(s) can add greater rigidity, which 
results in higher feed and in lower produc- 
tion costs. Rigid setups minimize or elimi- 
nate these adverse conditions, thus increas- 
ing production and lowering production 
cost. The selection of more efficient cutting 
tools and the increased feed and speed 
possible with a rigid setup further increase 
production rates. One method of increasing 
the rigidity of a tool setup is demonstrated 
in the following example. 

Example 2: Added Support Between 
Gang Cutters for Increased Rigidity. In 
milling landing-gear main inner cylinders 
made of 300M steel at 46 to 49 HRC, the use 
of only one arbor support contributed to a 
low production rate and an erratic surface 
finish. Milling speed was only 12 rev/min, 
and feed was only 6.35 mm/min (0.250 in./ 
min). Surface finish varied from 3.20 to 5.0 
ym (125 то 200 шіп.). 

Placing a second arbor support midway 
between the six cutters, as shown in Fig. 29, 
permitted the cutting speed to be increased 
lo 22 rev/min and feed to 22.23 mm/min 
(0.875 in./min). A uniform finish of less than 
3.20 pm (125 pin.) was consistently ob- 
tained, and cutter life was increased by 
65%. 














Milling Methods 


The principal methods of milling are clas- 
sified as peripheral. face, and end. These 
terms refer to the type of cutter used (Fig. 
16) and to the relationship of the spindle to 
the surface being milled. In some cases, the 
differences between the three methods are 
clearly defined, but more often a given 
milling operation is a combination of two 
methods. This is particularly true of end 
milling, which is almost invariably a combi- 
nation of peripheral and face milling. 

‘The milling method selected for a specific 
application depends largely on the amount 
of metal to be removed, workpiece size and 
shape, and the configuration to be milled. 
Total quantity to be produced, production 
rate (quantity per unit of time), work metal 
hardness, and cost are more likely to influ- 
ence modifications of procedure within a 
given method than to determine selection of 
the method itself. 

Details of specific milling applications are 
given in examples in the following sections. 
These descriptions of practice are presented 
under headings of peripheral. face, or end 
milling, although many of the examples 















































Cutter details 

Type 45° angle peripheral 
(matched sets of four) 

Size. sess 152 mm (6 in.) diameter 

Number of teeth 20 

Material M3 high-speed steel 


Machining conditions 


Speed. at 22 revimin, 
mimin (sfm). .aM os 

Feed 0.089 mmitooth (0.0035 
in./tooth) or 38 mm! 
min (1.5 in.min) 

2.54 (0.100) 

Sulfurized ой 


Depth of cut, mm (in.) 

Cutting fluid . reat 

Finish obtained (approx). 
um (uin)... 

Production rate (approx) . 

Cutter life per grind. li 


3.2 (125) 
1 picceih 

















m (linear П)......... 2330 (75-100) 
Ultimate tensile strength, 
MPa (ksi) 

HII steel 862 (125) 

Ti-6AIAV .............. 1000 (145) 

А Original (a) and improved (b, c) methods 
Fig. 30 5 iling ongle poor pates 
were 2.4 m (8 9) long; each leg of L was 51 mm (2 in.) 





long ond (before being milled) 7.9 mm (216 in.) thick. (а) 
In original method, each surface was milled separately— 
outside surfaces by face milling, as shown, and inside 
surfaces by peripheral milling. (b) ond (c) Improved 
method, in which two pairs of peripheral cutters milled 
both inside or outside surfaces of two extrusions simulto- 
neously (details in toble) 





represent modifications of these broad clas- 
sifications. 





Peripheral Milling 

Peripheral milling is a method of generat- 
ing a machined surface by cutting with the 
teeth on the periphery of a cutter whose 
axis is parallel to the milled surface. The 
operation is usually performed on horizon- 


117 steel 





Fore cutter 








aL 
i = 
AA 
Cutter details 
Type Special form 
Size, mm tin.) B9 (3.5) max diameter 
Number оГ ест о... 12 
Material нан High-speed steel 


Machining conditions. 


Speed, at 225 revimin 
mimin (sfm) 63 (206) max 
Feed . ‹ 0.056 mmitooth (0.0022 
in.itooth) or 150.9 
mm/min (5.93 in.imin) 


Depth of cut, mm (in. 6.4 (A) max 





31 Use of о special form milling cotter for 
. producing a six-surface contour 


Fi 





tal milling machines in which one or more 
cutters are mounted by means of keys on 
arbors with outboard support. 

In the simplest type of peripheral milling. 
cutting is done only by teeth on the periph- 
ery of the cutter. However, many applica- 
tions. such as slotting, require cutting ac- 
tion from both the periphery and the sides. 
Some side cutting action is often needed for 
gang. slab, and straddle milling applica- 
lions. 

Capabilities. Peripheral milling can be 
used for removing metal from simple flat 
surfaces. for cutting keyways and deep 
slots, and for milling contoured surfaces 
and surfaces having two or more angles or 
complex forms. Long keyways can be 
milled faster by peripheral milling with a 
keyway cutter or a slotting cutter than by 
end milling. In addition, the width of the 
keyway is maintained more accurately, be- 
cause in peripheral milling cutter wear is 
distributed over a larger number of teeth 
than in end milling. 

Deep slots, including T-slots, are usually 
generated by peripheral milling because 
greater rigidity can be maintained than in 
end milling. Staggered-tooth slotting cutters 
are generally used for the peripheral milling 
of deep slots. 

Some configurations of contoured surfac- 
es can be produced by peripheral milling: 
cutter direction is controlled by rise-and-fall 
templates and tracers. Forms that can be 
milled in a single direction by the peripheral 
method are limited only by cutter design. 
Several flat and angular surfaces can be 





produced simultaneously by combining pe- 
ripheral and face milling, 

limitations. In terms of metal removed 
per unit of time, peripheral milling is less 
efficient than face milling for producing 
simple flat surfaces. Other considerations, 
however. sometimes make peripheral mill- 
ing the preferable method. Peripheral mill- 
ing is more limited than end milling for 
cutting complex configurations; therefore, 
pockets and intricate recesses are usually 
cut by end milling. 

Peripheral Versus Face Milling. In many 
applications, either peripheral milling or 
face milling can be used for machining a 
specific area of the workpiece. Selection of 
the milling method will then be based on the 
surface finish required, rigidity of setup. 
length of feed stroke, and simplicity of 
fixturing. Production applications that ex- 
emplify the advantages of peripheral milling 
over face milling for specific applications 
are described in the following example. 

Example 3: Increased Accuracy. and 
Efficiency in Milling Angle Extrusions. In 
misling both sides of each leg of right-angle 
extrusions of HII steel (annealed) and tita- 
nium alloy (solution treated), deformed ex- 
trusions with unacceptable surface finish 
were being produced at low production 
rates. Originally, complicated fixturing and 
clamping were required to face mill the 
outside surfaces (as shown in Fig. 30a) and 
then to peripheral mill the inside surfaces, 
one at a time. 

In the revised method, two pairs of 45° 
angle peripheral cutters were used to mill 
the inside surfaces of two extrusions, as 
shown in Fig. 30(b). Cutters were reversed 
for milling the outside surfaces, as shown in 
Fig. 30(c). The cutters were made in 
matched sets of four to ensure that all 
diameters were equal and that keyways 
aligned the teeth in correct relation. 

In addition to doubling production rates, 
the revised method produced straighter ex- 
trusions. The accurate positioning possible 
with the simplified fixtures equalized cutter 
forces, minimizing vibration, and thus im- 
proved surface h. Cutter details and 
machining conditions are tabulated with 
Fig. 30. 
illing of Keyways. The greater accura- 
cy possible with peripheral milling makes it 
preferable to end milling in the machining of 
keyways, particularly of long keyways such 
as those found on machine arbors. 

Slotting. The accuracy and efficiency of 
peripheral slotting cutters (which essential- 
ly are circular saws) make them preferable 
to power saws for the machining of slots. 

T-slots are produced in two separate mill- 
ing operations. Removal of the largest pos- 
sible amount of metal, proportional to slot 
dimensions, is accomplished in an initial cut 
with a peripheral mill or an end mill. A 
second cut is then made, using a staggered- 
tooth T-slotting cutter (solid or tipped) at a 

















Workpiece 








1 
ex (8 £ 1030 steel 
- 1 
Cutter details 
Туре... 1a Face mill, inserted blade 
бес: сәй 11.406 mm (16 in.) in 


diameter, 95 mm 

(3% in.) thick 
Number of teeth... 2 
Material mdp  Carbide-tipped blades 





Machining conditions. 


Speed. at 72 revimin, 
тїтїп (sfm) 
Feed, s. eoe 


292 302) 

0.69 mmtooth (0.027 
in.itooth) or 1575 mm. 
min (62 in./min) 

Depth of cut, mm tin.) 3204 

Cutting fluid vers None 

Tolerances 
Parallelism error. mm (in.) . .0.076 (0.003) max 
Depth of cutter marks, 

mm (n.) . 





0.076 (0.003) max 











Power required, kW (hp). .... 71 (95) 
Metal removal rate. 

mm"/min (їп. min) . . 2.00 х 10^ (122) 
Cutter life per grind 

(approx), т? tin.7). 19 (30 000) 
Workpiece hardness. НВ... 165-185 





" Face milling of a steel plate in one pass 
Fig. 32 per side. Dimensions in figure given in 
inches 


constant feed rate. To prevent damage to 
the cutter or the workpiece, cutting fluids 
(or air blasts in dry milling) are used copi- 
ously to flush chips out of the slot. 

Gang milling refers to milling with two 
or more peripheral cutters mounted on the 
same arbor. The cutters can be of the samc 
size or of different sizes, and the surfaces 
being milled can be adjacent or separated. 
Gang milling is commonly used to produce 
several different steps simultaneously in a 
workpiece or to produce sections of the 
same thickness from bars or extrusions. 

Form 9. The number of parallel 
surfaces and angular relatioi 
be machined by peripheral milling 
almost solely by cutter design. Form cutters 
are expensive, but often there is no other 
satisfactory means of producing complex 
contours such as the one discussed in the 
following example. 

Example 4: Form Milling of Six Surfac- 
es With One Cutter. For small job lots, a 
knee-and-column horizontal milling ma- 
chine with a special form cutter was used in 
milling a six-surface contour in 1117 steel 
shafts, as illustrated and detailed in Fig. 31. 
A vise mounted on the machine table held 
the workpiece, and the cutter was posi- 
tioned manually. For production lots of 











Milling / 321 


more than 1000 pieces, the cutter was used 
on a bed-type machine with rise and fall of 
the spindle, and fixtures with air-clamping 
attachments. 


Face Milling 

Face milling is used for machining flat 
surfaces by means of cutters having teeth 
on their peripheral faces and driven by 
spindles whose axes are perpendicular to 
the surface being milled. In face milling, the 
tooth path is generated by a combined ac- 
tion of the tooth similar to actions obtained 
in climb and conventional milling with pe- 
ripheral cutters. The chip thickness is min- 
imum at the points where the tooth enters 
and leaves the work and is maximum at the 
transition point between climb and conven- 
tional milling. 

Face milling cuts are deep radially and 
narrow axially, while peripheral cuts arc 
shallow radially and wide axially. There- 
fore. face milling removes a given amount 
of metal with less power than peripheral 
milling. 

Capabilities. In addition to being a more 
efficient method of removing metal, other 
advantages of face milling over peripheral 
milling are: 





© The cutter has greater rigidity because it 
is attached directly to the spindle nose 
* Large arcas can be milled with little pro- 
trusion of the spindle 
Outboard bearings are not required, 
which allows greater flexibility in work- 
piece size 
Cutting forces are more evenly distribut- 
ed 
Less time is needed for tool changes 
Cutter grinding costs are less than for 
peripheral cutters of comparable size or 
arc zero if indexable inserts are used in 
the cutter 


The efficiency of face milling in removing 
large amounts of metal and in milling to 
close tolerances is described in the follow- 
ing example. 

Example 5: Face Milling 305 mm (12 
in.) Wide Plates in One Pass per Side. 
Face milling was selected for machining 
both sides of the 305 mm (12 in.) wide steel 
plates shown in Fig. 32, mainly because it 
was more efficient than peripheral milling. 
The operation was performed on a fixed-rail 
bed-type milling machine. The plates were 
secured horizontally by means of a magnet- 
ic table, and the vertical spindle was driven 
by a 75 kW (100 hp) head. 

If this operation had been performed on a 
slab miller (peripheral milling), a helical 
cutter at least 152 mm (6 in.) in diameter and 
having about ten rows of inserted blades 
would have been required. Carbide-tipped 
blades would have been prohibitively ex- 
pensive for a peripheral cutter of this size: 
therefore, high-speed steel inserts would 
have been used. The allowable feed and 
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8620 steel 





Workpiece 








End mill 
19 mm (а in.) m 
diameter. 

Number of teeth. a4 
Material . High-speed steel 
Machining conditions 
Speed at 400 rev/min, n/min (У). 24 (791 
Feed per tooth, mm (in.) . 0.064 (0.0025) 


Cutting fluid Soluble oil 
Tolerances 


Horizontal cuts, mm fin.) 0,051 (80.002) 








Vert euts, mm (in.) 76.025 (80.001) 
Finish obtained, ит (pin) 320 (025) 
Setup timetal E 30 min 
Cutter life per grind (approx) 10 pieces 
Workpiece hardness, HB. 190-210 





ta) Using prepared plastis eontral sheet 

А Milling of а complex cavity with a single 
Fig. 33 citer under ее ахі control. Dimen- 
sions in figure given in inches 


speed for peripheral milling with high-speed 
steel would have resulted in a metal remov- 
al rate of only 2.0 x 10° mm"/min (12 in.'/ 
min), compared with 2.00 х 10^ mm/min 
(122 in. /min) by face milling with carbide 
cutters. Cutter and machining details are 
tabulated with Fig. 32. 

Limitations of face milling compared with 
peripheral milling are: 





ө Face milling is restricted to the machining 
of flat surfa 

° As the width of the cut increases in 
relation to the diameter of the face mill, 
the larger number of teeth engaged in 
cutting exerts a greater force at right 
angles to the direction of feed. Therefore. 
more rugged fixturing and clamping of the 
workpiece are required, particularly if the 
part configuration is sensitive to tangen- 
tial forces imposed by the cutter 








End Milling 

As shown in Fig. 16, end mills have 
cutting edges on the face end as well as on 
the periphery. Therefore. cuts that vary 
widely in configuration can be made with an 
end mill by using the side and end consci 
utively or simultaneously. End milling is 
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Alloy steel forging 





2 Operations 5 апа 6 helica: end mi'ls 























Pass 3 Gseraron 9 76 














—— — 


3 Overarvons 14 anc 15 Form 























3 Operation 16 Form cuter 














Speed Feed à 5 
nm dumm ei n mirer ice, | Other machining conditions 
| Cutting fluid. .. ...Soluble oil: water (1:20), air mist 
^ 1 bree m. ze Im TIA | Setup time (approx). h. «eee 
2.... 2. slotting м m u Downtime for tool change- min 
3 through 8: бей in 18 60 127 < | Stotting cutters. 20 
3... 9, slotting 6| 2€ 24 10 | End mills < 
10 through 13. end milling 30 100 254 10 | production rate, hírotor. 65 
10 through 16, form cutting 30 100 254 10 | Cutter life per grind 
Slotting cutters, linear m (linear ft. . .. ..0 (100) 
End mills. roughing, linear m (linear ft). ..23 (75) 
ing cutters, carbide tipped: end mills amd ferm tools, sold End mills. finishing, linear m (linear fU. ...38 (125) 
Workpiece hardness. HB 250 














Fig. 34 


Dimensions in figure given in inches 


usually dilferentiated from peripheral mill- 
ing or face milling by application rather than 
by definition. 

End milling is less efficient than other 
milling methods in removing metal because 
the end of the cutter is not supported and 
the length-to-diameter ratio is usually high. 
Consequently, heavy cuts are not feasible. 
But despite its low efficiency in removing 
metal, end milling is often preferred for 


Sequence ond conditions for milling tapered slots in о large rotor in 16 operations on a special machine. 


facing. profiling, slotting, recessing, and 
box milling. 

Unsupported Length. End milling is 
characterized by the unsupported length of 
the cutter or its driving member or both. As 
this unsupported length increases. the diffi- 
culty in maintaining dimensional accuracy 
also increases because of cutter deflection. 
The length-to-diameter ratio that can be 
tolerated depends largely on the dimension- 


Milling / 323 





Table 4 Recommended speeds and feeds for the face milling of ferrous and nonferrous alloys with both 


high-speed steel and carbide cutters 














cart té 4] 
r High-speed steel tool — Ti Unenated iT Coated i 
Depth of | Speed, Ferd per [Sd —— Feed per той Speed. Feed per Toal 
оша. mimin tooth, Tool material, Brazed, — Jadexable, tooth, material grade. — mvmin tooth, material prade, 
Material (hardness) Condition mm (in) fm) mm fin.) ISO (als séminisfm) mimin sfm) mmn) ОСТ (fm) mm (in) I0 (CI 
Wrought aluminum alloys (30-80 HB, 500 kg) 
жюз ө СЪМ drawn — 1/4 зм) 0.28 00) S4. S2 (M2. M7) MD — Mak — 2500000) KID, MOIEN 
Ani «no 40.150) 248 4800) 0.40 10.018) SSMO) — Max — 439820. КЫМЫС? 
мюз el хоми) 20050) 050100 мих Мах (SiO KIO, МАИС 
505) em 
5052253 
Sos б? 
хоу мез 
Se 6951 
sis wl 
$e oT 
яза s 
EE 
EE 
PETI 


ш 7075 
Se) 700 
ee mns 
Hep TUN 
мм 








‘Wrought copper alloys (60-100 HRB) 








мз MIO 07 Cold drawn 10090) KS (ONO) (25400. S4 S2 ING MTP эзан genam awom KI MANC- 
Wow ws 440.150) iwe Qn (odi лоз оу озн бшик Ku MINC 
з эш a Жабо) 120 гаю) 9.45 (OI) mso микр — 0500.0) KW мє 
MD D de 

191 35 Sad 

Ма wo өл 


Мо мб ыз 
MO ме эз 


wow ом? 
DE эк o 
wo 370 





Gray cast irons (pearlitic + free carhides) (220-260 HB) 














ASTM Аан: Classes As vast LMD 2509. 0150006) wn IN dé) Аааа AIKUWA KID MAIC хю IR IO). ЄК. CMOO (CC) 
46, 50: SAE Jale: 440.180) WGH 25 01 M» wo юп — 0250.00 MWD PO 0250008). CKW. CM0 (CC) 
Grades Gason. (0300. 1569 але оја Mn ъс 7 озек KW Мар «С.2) M0 329. — (38 008). CK, CMO ICC- 
Gaio 

‘Wrought carhon steels (225-275 HB) 


Low carbon 










































wos HH 1020 Annealed or —— 104) aweien зше 14s 1475) чигу IN UGINT) рй эшти аким? Ср20 СС-а 
Mos 1012 0t соу гама зым! эз 025 10000 120 140 135 340 i090) PANICA TSM) зх иони РАСС 
Wes Hus qs 10300 22030 — 0.36 40.4141 S(O) SASL елшш РАНС. 1351450) OAH MOTE CIO ICT 
ию) qur 
Medium carbon 
WOM) 1042 10 Hot rolled ОТЕТ 1851450) IDIOM AIRM PN HC WO) MAKIN?) СР CC 
1033 Мз 1055 normalized. 400150 Моон 025 (0.010 usos эз) обон PUC бези. «25 0MO)— CPCCA) 
Was HOM 1929 теш, KOJOM Мм — 036.013) FOSSE NSG Od iH) Pa Csi HOD) GMA  CPAHCCAT 
їз? MMS 152% ue dawn, 
JW 10461827 or quenched 
D amd tempered 
им 10р 
Wrought medium-carbon alloy steels (275—325 HB) 
130 4115 ON &IS Normalised or pamo Wom QISA 89, SIMBHTIS Mab) пз? goia OAS 0. PACM MSO Oso CPNL CC 
IMS ALD 8007 Oo quencheland 4 (0,450) зз) — 02140000. S9. Siih) TIS, MAX) — жн попу — 0204109) PANCA лаб ате) олко? СРМ (CC-AI 
А07 40 МШ трет) Каин кар 020102) $ SINB) (TIS. MAS) тїн TKS) osmom — Pio (Cs MAUS, 02А рк) CPA ICES) 
AQ 4616 Hem 
айз oso в 
am ом 
КШ 
Wrought austenitic stainless steels (135-185 HB) 
1 MAL мк Annealed 14000) арн 0200.09) — S4, S2 M2. 1306430 — SATS) огош KIO MACY 21572000. ои юні CRIN CMW (CC: 
AD у эм эшл WHO OMMO SA. S2 (M2. MT) из) OX» .0)2) KA MUEI HS 79 OAM ALD CKM, CM CC 
1 и ак (0300 23180. 04010016) 54. S2 M2, M7) NSQMO 04010010 KW MACH 1054350) 0.40 10.016) САО, CMA (C2) 
E 
мт 
Wrought œ + a— titanium alloys (320-380 HB) 
томау Solution. фон 17155) 0075 MINA)  SOLSIHBLCTIS Маз) мыз дә сіма OAOA Ki. MANC 
Thala ELL Weaedand — 4.150) 19180. бзш) S9. SIND) (TIS, MAX) Мм ўз) Misa Ко MWC 
ТАРТУ. aged KM 124401 OIRO S9. SINB (TIS. МАЗЫ) 241801 29095) оош) Kon ММС 
dZr2Mo 
Tit 2Sn- 
ATi Mo 358i 
толом. 
адем 


S12). Source: Meteut Research Associates Ine 





(a) Depth of cut is measured parallel to axis of cutter. (bb Any premium high-speed steel (TIS. M33, M4I-M47) or (59, S10, SI 
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Table 5 Recommended speeds and feeds for the slab (or plain) mi 


high-speed steel cutters 





ing of ferrous and nonferrous alloys with 







































































Depth of cotta) 1 Feed per tooth High-speed steel tool material 
Material Hardness. HB Condition mm а mmn әт mm in. 150 AISI 
Wrought aluminum alloys 
EC 3005 6066 30-80 Cold drawn 1 000 365 00 озо 0012 $4, S2 
1060 4032 6070 500 ke 4 ө 320 100 036 004 54.52 
100 505 бю! к ою 260 $50 — 040 0016 54, 52 
1145 5050 6151 
1175 5052 
1235 5086 6262 
2011 5083 6463 
2014 5086 6951 
2017 7001 
2018 7004 
2021 7005 
2024 7039 
2025 7049 
2117 7050 
p 1075 
2219 7079 
2618 7175 
3003 7178 
3004 
Wrought copper alloys 
м5 м2 377 60-100 HRB Cold drawn 1 0.040 130 0.18 0.007 
м7 490 Эн 4 ою — 105 0.23 0.009 
1735 0 4? в 030 84 275 028 0.011 
187 35) 48S 
ШИ 36 544 
34 0 63 
M6 365 624 
30 W6 б 
» uw 
368 782 
370 
Gray cast irons (pearlitic + free carbides) 
ASTM A4B Classes 45, 50: SAE 220-260 As-cast 1 0040 E ю 015 0006 — S4 52 
1431с: Grades G3500, G4000 4 — 0180 18 €) 020 0.008 54, 52 
so 0030 14 45 025 0000 545? 
Wrought carbon steels 
Low carbon 
1005 1010 1020 225-275 Annealed or cold 1 0040 40 150 013 0.005 M2. M7 
1006 — 1012 1023 drawn 4 — 0150 30 10 — 0.18 0.007 M2, M7 
1008 105 1025 з 030 80 023 0.009 M2. M7 
1009 1017 
Medium carbon 
1030 1042 1053 225-275 Hot rolled, normalized, 1 0.040 7 00 0n 0.005 м2, М7 
1033 — 1043 1055 annealed, cold. 4 — 0150 27 90 о 0.007 M2, M7 
1035 — 1044 1525 drawn. or quenched з 00300 E ю 02 009 54,52 M2. M7 
1037 — 1045 1526 and tempered 
1038 — 1046 1527 
1039 1049. 
1040 — 1050 
Wrought medium-carbon alloy steels 
1330 4135 — 8625 275-328 Normalized, or 1 0040 27 90 013 0.005 Sb) — TIS, M42(b) 
1335 4137 8627 quenched and 4 060 2 65 015 0.006 59, SIN) — TIS. M42(b) 
4027 4427 8630 tempered 8 030 15 50 018 0.007 59. SIMby — TIS, M42(b) 
4008 4626 8637 
4032 94830 
4037 
Ano 
Wrought austenitic stainless steels 
201 3041. 348 135-185 Annealed 1 000 55 180 0.15 0006 54, 52 M2, М7 
200 305 384 4 010 4 40 020 0.008 54. S2 M2. M7 
300 308 385 8 030 м no 025 0010 — S4 S2 M2. M7 
302 m 
зм 347 
Wrought œ + а В titanium alloys 
T6ALAV — Ti-6ALAV ELI 320-380 Solution treated and 1 0040 14 45 ою? — 0004 59.510) TIS, МА? 
Ti-SAL2Sn-4Zr-2Mo aged 4 — 0150 n 40 0з 0.005 — S9.SII(b) — TIS, M42(b) 
Ti-6AL2Sn-AZ r-2Mo-0.25Si к 0030 9 0 015 0.006 59. 51105) — TIS. Mb) 


Ti-6AL2Sn-4Z1-6Mo 


(a) Depth of cut is measured perpendicular te axis of cutter. (b) Any premium high-speed steel (TIS, МЭЗ, M41-M47) or (59. 510. S11. 512). 





ource: Melcut Research Assocrates Inc 
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Table 6 Recommended speeds and feeds for the end milling (peripheral) of ferrous and nonferrous alloys with 


both high-speed steel and carbide cutters 














T High-speed steel tool <r Carbide tool = 
Feed, mavtooth Feed, mm‘tooth Tool 
Radial depth Speed, _(in/Nooth), at cutter diameter of: Šers, (n tooth), at cutter diameter of: material 
Wrap mín 1mm  G2mm Smm 25-50 пит Tool material. теш Imm Imm  i8mm 25-50mm made 
Material (hardness) Condition mm (in) ifm) Mia) (ит) oq BOIS) ш) бэш) (ию) (эш 20а) ISOC 














Wrought aluminum alloys (30-80 HB, 500 kg) 










































EC 3005 6066  Colddrawn 0.5 (0:020) 245 0.075 0102 013 олу 395 0075. 0102 0.13 018 К20, М20 
1060 4032 6070 (800) (0.003) 40.004) (0005) (0.007) 41300) (0.003) 40.004) (0.005) (0.007) (C-2) 
M00 5005 6101 1.5 (0.060) 185 0102 015 020 025 305 0.102 015 020 025  K20.M20 
1145 5050 6181 (600) (0.004) (0.006) (0.008) (0.010) (1000) (0.004) (0.006) (0.008) (0.010) (С-2) 
IUS 5052 6253 diam diam 150 0075 0102 015 020 275 0.075 013 015 — 020 К20, M20 
1235 5056 6262 (500) (0.003) (0.004) (0.006) (0.008) (900) (0.003) 40.005) (0.006) 90.008) (C-2) 
00! 5083 6463 diam/2 фат? 120 0.050 0.075 0.13 015 245 0050 0102 оз 015 — K20. M20 
3014 5086 6951 (400) (0.002) (0.003) (0.005) (0.006) (800) (0.002) (0.004) (0.005) (0.006) 1C-2) 
2017 5154 7001 
2018 5252 7004 
2021 
2024 
2025 
2117 
2218 
2219 
2618 
3003 
3004 
Wrought copper alloys (60-100 HB) 
145 342 377 Cold drawn 05 (0,020) 150 0050 0.075 013 — QW -S5.S2 2% (0050 0.079 оз 018 — K20, M20 
147 39 385 4500) (0.002) (0.003) 40.005) — (0.007) . M3. M7) (950) (0.002) (0.003) (0.005) (0.007) (C-2) 
973 350 482 1.5 (0.060) 120 0075 013 020 0.25 SS. 225 0075 013 — 020 025 — K20,M20 
187 Э 48s (400) (0.003) (0.005) (0.008) (0.010) (7300 (0.003) 40.005) (0.008) (0.010) (С?) 
191 356 544 diam’ diam4 105 0.050 0075 0.13 015 185 0050 0.0758 013 о К20. M20 
34 360 23 (350) (0.002) (0.003) (0.005) (0.006) (610) (0.002) 40.003) (0.005) (0.007) (C2) 
36 365 624 diam/2diam/2 80 0.038 0050 0102 — 0.13 170 0038 0.080 0.102 015 К20, M20 
i 638 (300) (0.0015) (0.002) (0.004) — (0.005) (560) (0.0015) (0.002) (0.004) (0.006) (C-2) 
367 642 
38 782 
360 
Gray cast irons (pearlitic + free carbides) (220-260 HB) 
ASTM A48: Classes — As cast 0.5 (0.020) 27 0025 боз 0050 04075 54, 55, S2 90 0.005 0050 0.075 0.13 — K20. M20 
45. 50: SAE J43 1c; (90) (0.001) (0.0015) (0.002) (0.003) M7) (300) (0.001) (0.000) (0.003) (0.005) (C2) 
Grades G3500, 1.5 (0.060) 21 0050 0.063 0075 0.102 52 70 0050 0.075 0.102 015 К20, M20 
баб (70) (0.002) (0.0025) (0.003) — (0.004) M3. M7) (230) (0.002) (0.003) (0.004) (0.006 (C2) 
diam/4 diam/ I8 0.038 — 0.080 — 0.063 0.089 . 85. S2 60 0.038 0.050 — 0.075 0.102 K20, M20 
(60) (0.0015) (0.002) (0.00251 0.0035) (M2. M3. М7) (200) (0.0015) (0.002) (0.003) (0.004) (C-2) 
«апу? diamv2 15 0.025 0.038 ооо 0075 — S4, 55 0.025 — 0.038 — 0.080 0.075 К20, M20 


(50) (0.001) (0.0015) (0.002) 





(0.00) (М2, МХ, М7) (180) (0.001) (0.005) (0002) (0003) (CS) 





Wrought carbon steels (225-275 HB) 

















Low carbon. 
1005 1010 1020 Annealed or 0.5 (0.020) 37 0.025 0050 0.075 0.102 54, S5. 140 0.025 0.050. 0.102 0.13 P20, M20 
1006 — 1012 1023 cold drawn (120) (0.001) (0.002) 40.003) (0.004) (M2, M3. M7) (455) (0.001) 40.002) — (0.004) (0.005) (C-5) 
1008 1015 1025 1.5 (0.060). 27 0050 0.075 0.102 9.13 1 5: 105 0.050 0.075 0.13 0.18 Р20, М20 
1009 1017 (90) (0.002) (0.003) (0.004) (0.005) (M: (350) (0.002) 40.003) (0.005) (0.007) (C-5) 
diam/4 diam/4 24 0.025 0080 0.075 0.102 54. 90 0.038 0.063 0.102 0.13 P20, M20 
(80) (0.001) (0.002) (0.003) 40.004) (M2. ^ (300) (0.0015) (0.0025) (0.004) (0.005) (C-5) 
diam/2 diam/2 21 0.018 0025 0.050. 0.075 54. 85 0.025 0.050 0.075 0.102 P20, М20 
(70) (0.0007) (0.001) (0002) 0.003) (M2, (280) (0.001) (0.002) (0.003) (0.004) (C-5) 
Medium carbon 
1030 1042 1053 Hot rolled. 0.5 (0.020) 3 0.025 0.050 0.075 0.102 54. 130 0.025 0.050 0.102 0.13 P20, (C-5) 
1033 1043 1055 normalized. (110) (0.001) (0.002) (0.003) (0.004) (M2. 4430) (0.001) (0.002) (0.004) (0.005) M20 
1035 1044 1525 annealed, 1.5 (0.060) 26 0.050 0.075 0.102 0. 54. 100 0.050 0.075 0.13 0.18 P20, M20 
1037 1045 1526 cold drawn (85) (0.002) (0.003) (0.004) (0.005) (M2, (330) (0.002) (0.003) (0.005) (0.007) (C-5) 
1038 1046 1527 ог quenched diam/4 diam4 23 0.050 0.075 0.102 54, 85 0.038 0.063 0.102 0.13 P20. M20 
1039 1049 and (75) 0.002) (0.003) (0.004) (M2, (280) (0.0015) (0.0025) (0.004) (0005) (C-5) 
1040 — 1050 tempered dium/2 diam/2 20 0.025 0.050 0.075 54. 81 0.025 0.050. 0.075 0.102 — P20, M20 
(65) (0.0007) (0.001) (0.002) — (0. 003) (M2. А (265) (0.001) (0.002) (0.003) (0. 004) (C-5) 
Wrought medium-carbon alloy steels (275—325 HB) 
1330 4135 8625 Normalized ог 0.5 (0.020) 26 0.018 0.038 0.075 0.102 0.025 0.050. 0.102 0.13 P20. M20 
1335 4137 8627 quenched (85) (0.0007) (0.0015) (0.003) (0.004) (0.001) (0.002) (0.004) 10.005) (C-5) 
4027 4427 8630 and 1.5 (0.060) 30 0.025 0.050 0.102 0.1: 0.050 0.075 0.13 0.15 P20, M20 
4028 4626 8637 tempered 465) (0.001) (0.002) (0.004) (0.005) (0.002) (0.003) (0.005) (0.006) (C-5) 
4032 5130 94830 diam/4 diam/4 17 0.018 0.038. 0.075 0.102 0.038 0.050 0.102 0.13 Р20, М20 
4037 5132 (55) (0.0007) (0.0015) (0.003) (0.004) (0.0015) (0.002) (0.004) (0.005) (C-5) 
4130 5135 diam? diam/2 15 0.013 0.02: 0.050 0.075 0.025 0.038 0.075 0.102 P20, M20 
(50) (0.0005) (0.001) (0.0023) (0.003) 406.001) (0.0015) (0.003) (0.004) (C-5) 





ө) For sanas! length end mills, max anisl depth can be up to 15x the cuter diameter. tb} Any premium high-speed steel (T15, МЭЗ, M41-M47) or (S9. S10. SIL. S12), Source Metcut Research Associates Inc. 
(continued) 
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Table 6 (continued) 


















































1 High-speed steel tool. Carbide tool - 1 
Feed. mm/tooth Feed, mmitooth Tool 
Radial depth — Speed. (in. tooth), at cutter diameter of: tooth), at cutter diameter of: material 
ol cutia), mimin 10mm 12mm mm 25-50 тт Tool materi ^ 10mm Imm imm 25-SÜmm grade, 
Material (hardness) Condition mm ба) (fm) бию) (баю) Lp deli) БОАБ) (fm (зш) dzin) (мш) (1-2 180C) 
Wrought austenitic stainless steels (135-185 HB) 
201 3041. 348 Annealed 0.5 (0.020) 34 0:025 0050 (010 013 54. по 0013. 005 0050 0.102 К20, M20 
202 305 384 (110) (0.001) (0.002) (0. (0.005) (M2. 4360) (0.0005) (0.001) 40.002) — (0.004) 
301 308 385 1.5 (0.060) 74 0050 0075 0.13 015 54. 82 005 0080 0075 0.13 
ж 31 (80) (0.002) (0.003) (0.008) (0.0000 (M2. 4270) (0.001) (0.002) 40.003) 40.008) (C2) 
304 347 diam/4 diam4 — 21 0025 0.050 0.102 — 0.13 72 005 0.038 0063 — 0102 ES M20 
(0) (0.000) (0.002) (0.004) — (0.005) (M2. (235) (0.001) 00.0015) (0.0025) 10.004) 
diam/2 diam? 18 0025 0038 0.075 0.102 67 0013 0025 0050 0,075 e. M20 
(60) (0.001) (0.0015) (0.003) (0.004) (M2. (220) (0.0005) (0.001) (0.0002) (0.003) (C2 
Wrought a + «— [3 titanium alloys (320-380 HB) 
Ti-6Al-4V Solution 0.5 (0.020) 26 0495 0050 0075 0.13 Sor) 69 0025 0050 0.100 015 — K20, M20 
Ti-6AI-4V ELI treated and (85) (0.001) (0.002) (0.003) (0.005) (TISWb) (225) (0.001) (0.002) (0.004) (0.006) (C-2) 
Ti-SAL2SnAZr- aged 1.5 (0.060) 23 0050 0475 0.102 015 S9) 60 0050 0.075 0.13 бв K20. N20 
2Mo (75) 40.002) 40.003) (0.004) (0.006) (TIS) 200) (0.000) (0.003) (0.008) (0.007) (C-2) 
Ti-5AL-28n-4Zr- diamv4 diam/4 12 0025 0.038 — 0.080 0.075 S9) эв 04038 0.050 — 0.13 015 K20. M20 
2Mo-0.25Si 440) 40.000) (0.0015) (0.002) — (0.003) — (TIS)b) (125) (0.0015) (0.002) (0.05) 00.006) (C-2Y 
Т\-ВА1-25, diam? diam? 9 0.025 0.025 0.058 0.050 S9) 30 0425 0.005 0.100 0135 К20, M20 
4Zr-6Mo (30) (0.001) (0.001) 40.0015) (0.000) — (Ті) — (100) (0.001) (0.001) (0.004) 00,005) (C2) 


lu) For standard length end mills, max ixl depth can be up to 1,5 X ihe cutter diameter, (b) Any premium high-speed steel (T15. МЭЗ, M4]-M47) er (S9. S10. S11. S12), Source: Metcut Research Associates Inc. 





al accuracy required, method of advancing 
the cutter (manual or automatic). work- 
metal hardness, and rate of cutter feed. 
Excessive unsupported length can some- 
times be tolerated when soft metals are 
being milled with light feeds. For most 
applications, however. an unsupported 
length greater than about five diameters is 
excessive (assuming the shank and cutter 
body are made of steel). 

When workpiece shape or other condi- 
tions demand that milling be done with 
cutters having excessive unsupported 
length, cutter deflection can be minimized 
by the use of solid carbide cutters (for 
greater modulus of rigidity), electronically 
controlled feed, extremely light cuts, and 
collet-type adapters for securing the end 
mill. In addition, the exact amount of run- 
out for each specific off-the-shelf cutter 
should be determined by an indicator. 
When the runout is known, it can be cor- 
rected before the cutter is used. Minimizing 
runout will invariably prolong cutter life and 
is usually helpful in producing a better sur- 
face finish. 

Complex contours are regularly ma- 
chined by end milling, although some type 
of automatic control is almost mandatory 
for achieving good tool life, dimensional 
control, surface finish, reproducibility, and 
efficiency of metal removal. End milling 
with automatic control has been particularly 
effective in machining complex configura- 
tions for aircraft and aerospace vehicles and 
in machining small complex components for 
firearms or instruments. The following ex- 
ample describes applications of end milling 
with automatic control. 

Example 6: Use of Automatic Control 
for Producing a Complex Cavity With 








One End Mill. The need for consistent 
reproduction of the L-shaped cavity in the 
8620 steel part shown in Fig. 33 justified the 
use of a vertical-spindle milling machine 
equipped with automatic controls for posi- 
tioning the end milling cutter along the x-. 
y-. and z-axes. The workpiece was secured 
in a vise having step jaws. Starting at a 
predrilled hole, the cutter was moved by 
automatic control (punched plastic sheet) to 
form the cavity, leaving a square island. 
Then the spindle was raised, and the island 
was milled to the required height. Cutter 
and machining details are presented with 
Fig. 33. The setup time given in Fig. 33 
would be much less with NC/CNC five-axes 
machining than with the tracer milling ma- 
chine discussed above. 








Combination Processes 

For production quantities ranging from 
1000 to 10 000 or for steady high produc- 
tion, specially designed equipment for ma- 
chining several surfaces consecutively or 
simultaneously is sometimes economical. 
With this equipment, two or more methods 
of milling are often combined with other 
machining operations, as described in the 
following example. 

Example 7: Sixteen-Operation Milling 
of Slots in Large Rotors. Thirty-two taper 
form slots 159 mm (6% in.) deep and 4270 
mm (168 in.) long were milled in a large 
forged steel rotor in 16 operations. llus- 
trated and detailed in Fig. 34. Milling was 
done in a special machine of rugged con- 
struction to withstand the cutting force re- 
quired for removing the large volume of 
steel. 








spindles and 14 horizontal 
spindles on each side of the machine made it 


possible to cut two opposed slots simulta- 
neously and, by taking successive cuts, to 
ir of in only three 
passes. Carbide-tipped slotting cutters in 
the vert spindles removed most of the 
stock from the slots, thus minimizing ad- 
verse effects in subsequent end milling with 
cutters of high length-to-diameter ratio. 









Speed, Feed, 
and Depth of Cut 


Nominal speeds for milling ferrous and 
nonferrous alloys are given in Table 4 for 
face milling. in Table 5 for slab (also known 
as plain) milling. and in Table 6 for end 
milling. The speeds in Tables 4 to 6 reflect 





differences in cutter material and depth of. 





cut, but not in rigidity of setup, surface 
finish required, and some other variables. 
For this reason, speeds used in practice are 
likely to differ considerably from the nomi- 
nal speeds given in the tables. 

Speeds as low as 6.1 m/min (20 sfm) are 
used in milling some difficult-to-machine 
metals with cutters made of high-speed 
steel. At the other extreme, speeds as high 
as 6100 m/min (20 000 sfm) have been used 
to mill aluminum or magnesium with car- 
bide cutters (see the section "High-Speed 
Milling” in this article). 

When rigidity of the setup permits, car- 
bide-tipped cutters can usually be operated 
three to ten time: an high-speed 
steel cutters for a given application. Rigidity 
of setup has a marked effect on the maxi- 
mum speed that will not cause chatter. 
Chatter is a condition in which the cutter 
and the workpiece vibrate in resonance al a 
frequency usually determined by the natural 








frequency of one or more elements of the 
machine. Chatter adversely affects toler- 
ance, finish, and tool life. Carbide tools are 
especially susceptible to chatter and usually 
| by chipping when chatter occurs. When 
it is impossible to increase rigidity, lower 
speeds and high-speed steel cutters must be 
used. 

Speed is also influenced by feed rate. If 
the established feed rate is high. it is often 
necessary to lower the speed because of 
inadequate power. Conversely. if a high 
speed is established. it may be necessary to 
decrease feed per tooth or to use a cutter 
having fewer teeth in order to stay within 
the limits of available power. The speed 
used for a specific application is ordinarily a 
compromise between a high speed that will 
yield a high rate of metal removal and 
produce the best finish and a low speed that 
will result in desirable tool life. 

Feed is expressed as the rate at which the 
work moves past the cutter (or vice versa) 
in millimeters per minute (inches per 
minute) or in millimeters per tooth (inches 
per tooth). Feed per tooth is the linear 
distance of tooth advance for each revolu- 
tion of the cutter; therefore, feed per revo- 
lution of the cutter is the product of feed per 
tooth and the number of teeth on the cutter. 
Feed in inches per minute can be converted 
to feed per tooth by dividing inches per 
minute by the product of the cutter revolu- 
lions per minute and the number of teeth in 
the cutter. 

For the highest efficiency of metal remov- 
al and the least susceptibility to chatter, the 
feed per tooth should be as high as possible 
in any milling operation. However. several 
factors influence or limit the rate of feed: 
type of cutter, number of teeth, cutter ma- 
terial, work metal composition and hard- 
ness, depth of cut, width of cut, speed, 
rigidity of the setup, and available power. 

Nominal feed rates for the face, slab, and 
end milling of ferrous and nonferrous alloys 
are given in Tables 4 to 6. Because Tables 4 
to 6do not reflect all the pertinent variables, 
feeds used in practice may differ from the 
nominal rates by a factor of 20 or more. 

Determination of Optimum Speed and 
Feed. A wide range of speeds and feeds can 
be successfully used. However, for opti- 
mum results in milling hard or otherwise 
difficult-to-machine alloys, speed and feed 
must be carefully selected because the 
range of workable and economical operat- 
ing conditions is relatively narrow. 

Depth of cut in rough milling is usually 
3.2 mm (%4 in.) or more. In finish milling. 
depth of cut may vary from several hun- 
dredths of a millimeter to 1.6 mm (Vie in.). 
For the optimum surface finish (particularly 
when using high-speed cutters), roughing 
cuts followed by finishing cuts are generally 
required. When using carbide-tipped cut- 
ters, it is oflen possible to attain the re- 
quired surface finish in a single cut. 























Surface Finish 


The surface finish obtainable by milling 
depends on work metal composition and 
condition, speed, feed, tool material, tool 
design, and cutting fluid. Peripheral and 
face milling produce different types of sur- 
faces because of the different relations of 
cutter rotation to the workpiece in the two 
methods. 

Peripheral milling produces a surface 
characterized by lines approximately paral- 
lel to the cutter axis. Sometimes these lines 
lie parallel and normal to the helix angle of 
the cutter teeth and are spaced at a distance 
equal to the feed per tooth. Finish in periph- 
eral milling is also affected as follows: 


* A high or low tooth produces a mark on 
the surface 

* A bent arbor results in surface waviness 

* An arbor too small in diameter causes 
chatter, resulting in a rough surface 

© Uneven spacing of the cutter teeth causes 

vibrations that result in rough surfaces 

Climb milling produces a different sur- 

face texture than conventional milling 

because in climb milling maximum chip 
thickness occurs at the beginning of the 
cut, while in conventional milling maxi- 
mum chip thickness occurs at the end of 
the cut. Tooth and revolution mark 
usually less noticeable than in climb mill- 
ing 

* Climb milling causes more shock to in- 
serted blades and indexable inserts than 
conventional milling 








Face Milling. The surface texture pro- 
duced by face milling is characterized by a 
series of ares when the heel or following 
edge of the cutter is slightly elevated during 
milling. If the work surface is parallel to the 
cuttér face, a lattice-type texture is pro- 
duced. 

Practical Limits. A finish of 3.20 um (125 
pin.) can usually be obtained with either 
carbide or high-speed steel cutters without 
stringent control of process variables. Fin- 
ishes of 1.60 ит (63 nin.) or less are often 
obtained in milling with carbide tools. Un- 
der good conditions—which include the use 
of carbide cutters operated at high speed, a 
free-cutting grade of work metal, and a 
sulfurized (or sulfurized and chlorinated) 
cutting fluid—a finish of 0.80 рт (32 pin.) 
can be achieved. With special cutters used 
under closely controlled conditions 0.25 рт 
(10 pin.) finishes and steam-tight joint sur- 
faces have been obtained by milling. 

Improvement of surface finish has been 
obtained by altering the heat treated struc- 
ture of the work metal, by modifying cutter 
design, and by increasing cutting speed. 











Cutting Fluids 


Some type of cutting fluid is ordinarily 
used with high-speed steel cutters in milling 
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steel, stainless steel, copper-base alloys, 
and heat-resisting alloys. Aluminum and 
magnesium alloys and gray iron are usually 
milled dry. Cutting fluid is used more for 
malleable and nodular iron than for gray 
iron. 

Regardless of the work metal, cutting 
fluids are used less often with carbide- 
lipped cutters than with high-speed steel 
cutters because carbide withstands higher 
temperature and is less susceptible to build- 
up at the cutting edges. With carbide-tipped 
cutters, the functions of the cutting fluid are 
to keep tool-workpiece temperature low, 
thus reducing the possibility of cracking in 
the carbide tips, and to flush away chips. 

Cutting fluids are not recommended or 
needed when ceramic milling cutters are 
used. This is because the ceramic remains 
relatively cool due to the low thermal con- 
ductivity of the material, and most of the 
heat generated in milling is carried away in 
the chips. When diamond milling cutters are 
used, a cutting fluid is generally recom- 
mended as excessive heat can burn or crack 
the tool material; however, there are suc- 
cessful applications that are performed dry. 

When heavy roughing cuts are taken on 
annealed steel (high rate of metal removal), 
cooling of the tools and flushing away of 
chips are important, and finish (influenced 
largely by built-up edges) is of lesser impor- 
tance. Conversely, in light finishing cuts 
(low rate of metal removal), surface finish 
may be far more important than cooling and 
flushing away chips. When milling difficult- 
to-machine metals, cooling is the most im- 
portant function of the cutting fluid; chip 
disposal is less important because the rate 
of metal removal is low. In climb milling, 
chip disposal is less of a problem than in 
conventional milling because the chips are 
forced out behind the cutter in climb milling 
but ahead of the cutter in conventional 
milling. 

Types of Fluids Used in Milling Appli- 
cations. Characteristics of the principal 
types of cutting fluid are discussed below. 

Soluble oils have superior cooling and 
flushing ability, but are not effective in 
preventing adhesion of the tool to the 
workpiece. When surface finish is critical, 
it may be necessary to sacrifice some 
cooling and flushing and to select a cutting 
fluid that is more effective in preventing 
adhesion. 

Cutting oils prevent tool-workpiece adhe- 
sion, thus allowing closer dimensional con- 
trol and better finish. Many cutting oils are 
dark in color, and this makes it difficult for 
operators to observe the operation. Viscos- 
ity of cutting oils should be kept below 100 
Saybolt Universal seconds (SUS) at 40 *C 
(100 °F) to prevent excessive amounts being 
carried away with the chips. 

Compressed air, supplied through jets, 
is often used in place of a cutting fluid and 
is effective as a coolant and in keeping 
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Face milling Cutting speed, sfm Feed rate, in.tooth Removal rate, in.*/min Cutter life, іп. гіпа 
0 20 400 5000-0005 000 0015 00200 2 4 $0 ш w w 
Hardness | Cutter 
of steel, HRC| material 
15 | Carbide 3 og 7 —— 
47| Carbide p 
52 | Carbide 
1 
Peripheral (slab) milling 
15| HSS = T а І 7 L— 3 
«| es E | [s] в | | i 
52 | Carbide EC БЕЗ B | 
L 
End milling 
T T I 
15| ss Exi | 1 Ex 
47| HSS B 
52| Carbide 
1 i 
0 80 120 1950 — 013 0% оз быб 3 7 w 0 165 380 4 
Cutting speed, m/min Feed rate, mm/tooth Removal rate, mm? = 10* Cutter life, mm? + 10*igrind 
TL Fee ming — — Peripheral (ab) millingib — — —4 End milling) 
liem. 15 HRC 47 HRC suc ЇЇ sarc 47 HRC sure! sure 47 HRC sac | 
Machining conditions 
Speed, rev/min ‚ма "T 9 19 7 7 57 137 180 
Speed, m/min (sfm). ....... 166 (543) 56 (185) 45 148) 11.5 57,8) — I08 35.6) 13 42) 46 (150) n oe 14 (47) 
Feed, mm/min (in.imin) ,... 142.8 (5.8239 22.2 (0.875) 7.938 (0.3125) — 82.6 (3.25) 20.64 (0.8125) 20.64 (0.8128) 1505.25) — 14.20 40.5625) 19.1075) 
Feed. mm/tooth 
Gn tooth) .... .0.41440.0163) 0.172 (0,0068) 0.084 (0.0033) 0.241 (0.0095) — 0.10 (0.004) 0.10 00.004) 0.064 (0.0025) 0.025 (0,001) — 0.071 (0.0028) 
Depth of cut, mm (in.).. 3.18 (0.125) 3.18 (0.125) 3.18 0.125) — 25.4 (1,0) 254(10 254010) 24.64 (0.970) 24.64 (0.970) 2.54 (0.100) 
Width of cut, mm (in.). .... 102 (4.0) 102 (4.0) 102 (4.0) 19.00.75) 10204 5.140.) 21.590.850) 21.59 (0.850) — 44.45 (1.75) 
Cutter details 
Material(d) , .. + Carbide Carbide Carbide Tis HSS Tis HSS Carbide MIO HSS M10 HSS. Carbide 
Diameter, mm (in) 182 (6) 182 (6) 2030) 203 (8) 203 (8) 254 (1.0) 25.4 (1,0) 44.45 (1.750) 
Axial rake angle, -T -T w 10° 10° 30" (e) 30° ңе) 3" (е) 
Radial rake angle а -7 =r 10° 10 ША 6 6 rw 
Axial relief angle r T T s 5 > y p л 
Radial relief angle .........7* 7 T $ s T 10° 10° ra 
Corner radius, mm (in.).. 0.76 (0.030) 0.76 (0:030) 0.76 (0.030) 1.78 (0.070) 1.7% (0.070) 3.05 00.120) — 3.050.120) — 0,76 (0.030) 


(à) Steels were milled in u vertical No. 5 machine. using climb cut, and with no c 


angle 














fluid. Single-blade cutter (inserts: 19 > 19 « 4.8 mm. or Ya x Ya x Vie in.) had a 45° | 
‘on the development of 0.46 mm (0.018 in.) wear land. (b) Steels were milled in a vertical No. 4 machine, using conventional cut. and with a 1:1 mixture of sulfurized oil an 
Cutters had 38 mm (1% in.) diam arbor holes and 16 teeth (for steels at 15 and 47 HRC) or Ì8 teeth (for 52 HRC}, Си 
were milled in a borizontal No. 4 machine, with a 1:1 mixture of sulfurized oil and mineral oil as the cutting fluid. Cutt 
flutes (for $2 HRC). Cutter life was based on the development of a 0.38 mm (0.015 ia.) 


life Was based on the development of а 0.51 mm 10,02 
were 113 mm (412 п Jong, with four futes (for steels at 15 and 47 HRC) or three 
sar land. (d) Approximate composition of carbide used was 62.5 W-I0.STa-& 5Co-7. С.А OTi (grude C-SI, ге) Helix 


yle. Cutter life way based. 
al oil as the cutting fluid 
in.) wear land. ic) Steels 








Fig. 35 неа of work metal hardness on machining conditions, metal removal rate, and cutter life in the milling of low-alloy steels 


chips cleared from the cutter path. Air is 
used when milling cast iron or for opera- 
tions when using liquids is not practical. 

Methods of Application. In milling, cut- 
ting fluids are usually distributed by noz- 
zles to the cutter and workpiece. A pres- 
sure of 35 kPa (5 psi) or less is usually 
sufficient. Higher pressure results in loss 
of fluid by splashing and serves no useful 
purpose. 

Nozzles vary in shape from a plain round 
tube to a manifold type, depending mainly 
on width of the milling cut. The width of the 
nozzle should approach the width of the cut 
to maintain uniform distribution of the fluid. 

In peripheral milling, the nozzle should 
be at the outgoing side of the cutter so that 
the stream of cutting fluid hits the outgoing 


teeth and outer surface of the chip. A nozzle 
in this position allows the most effective use 
of the cutting fluid because, as a tooth 
leaves the work after cutting a chip. it will 
be wetted and cooled by the cutting fluid. 
Thus, a tooth will carry a film of fluid as it 
revolves and begins another cut. 

In addition to directing cutting fluid less 
effectively, a nozzle at the ingoing side can 
be dragged under the cutter, damaging the 
equipment and the work. Also, thc cutting 
fluid may wash small chips under the ongo- 
ing teeth, resulting in gouging of the work- 
piece surface. 

In face milling, optimum results are ob- 
tained by applying the cutting fluid on the 
side where the cutting is done rather than on 
the idle side. Another effective method of 





application consists of spraying the fluid 
with compressed air and directing the jets of 
vapor at the area being milled. Soluble-oil or 
proprietary chemical emulsions are readily 
sprayed. This method is especially effective 
in large milling installations in which it is 
otherwise difficult to supply liquid to, and 
collect it from, the cutting area. 

A recent innovation involves applying the 
coolant through the spindle and subsequent- 
ly through the tool. This is the best and 
most effective method yet devised. 


Effect of 
Workpiece Hardness 


The production milling of steel at hard- 
nesses of 40 to 55 HRC is not unusual. 


However, the difficulty of milling increases 
as hardness increases and is manifested 
mainly in reduced tool life (Fig. 19b). even 
at the reduced speeds and feeds necessary. 
Speed. feed, cutter material and design, 
rigidity, and cutting fluid all require more 
careful consideration as workpiece hard- 
ness increases. Control of these variables 
will influence the magnitude of reduction in 
tool life, but even under the best conditions, 
cycle time will increase and tool life will 
decreas hardness increases. The net 
result is increased machining cost, particu- 
larly for roughing operations. 

Figure 35 summarizes the results of tests 
made to determine the influence of hardness 
on conditions, results, and costs in rough 
milling. In these tests, three similar low- 
alloy steels (4130, 4330, and 4340) at 15, 47, 
and 52 HRC, respectively, were machined 
by face, peripheral, and end milling under 
the conditions given in the table accompa- 
nying Fig, 35. The steels were milled under 
average shop conditions and in sufficient 
quantity to ensure that the data obtained 
would approximate production practice. 
Tests were halted when cutter edges devel- 
oped a predetermined wear land. 

As shown in Fig. 35, as work metal 
hardness increased, it was necessary to use 
lower speed and feed or (for peripheral and 
end milling) to change from high-speed steel 
to carbide tools. The product of depth times 
width of cut was also lower for milling the 
harder materials, except in face milling. The 
metal removal rate was much lower in mill- 
ing at the higher hardnesses, and—in spite 
of the changes in feed, speed, and tool 
material—so was cutter life. 

Cutter Design and Material for Milling 
Steel Harder Than 40 HRC. The strength 
of milling cutters is more critical when 
high-hardness, high-strength steel is being 
milled. The number of cutter teeth affects 
strength. feed rate, and elapsed time per 
cut. A design that incorporates the maxi- 
mum number of teeth (short of interfering 
with necessary chip clearance or exceeding 
power capacity) is the most economical. 
Other operating factors, however, may re- 
quire that the number of cutting teeth be 
reduced (to as few as one, under certain 
extreme conditions). 

Cutter design must permit the maximum 
conduction of heat away from the heat- 
sensitive edges of cutting teeth. Inadequate 
heat conduction will inevitably shorten tool 
life. The effects of high cutting temperature 
can be offset to some extent by using a more 
heat-resistant material for the cutter. 

Tooth angles must ensure adequate and 
properly directed chip flow. When chips are 
accommodated adequately, there is no 
crowding or jamming in the spaces between 
teeth. The direction of chip flow is deter- 
mined by the inclination angle of the cutting 
edge, which is a combination of axial rake, 
radial rake, and corner angles. 




















Proper relief angles minimize built-up 
edge and rubbing action between cutter 
surfaces and the workpiece. This rubbing 
action, in addition to accelerating tool wear, 
produces work hardening in many of the 
heat-resistant alloys. Work hardening re- 
duces cutting efficiency and adversely af- 
fects surface finish. 

Cutter design and material have major 
effects on cutter life and productivity. 
These factors are usually interrelated with 
speed and feed. 

Rigidity. Both the cutter and the setup 
must be as rigid as possible. Body sections 
and tool sections must be able to support 
the cutting load without chatter or exces- 
sive vibration. Arbor holes should be as 
large as possible, and the workpiece must 
be firmly scated and anchored. 


High-Speed Milling 


Considerable developmental work is be- 
ing performed on the use of high-speed 
milling, which is defined as milling at cle- 
vated speeds, feeds, and depths of cut. The 
normal speed rate might be 120 to 185 m/ 
min (400 to 600 sfm), but high-speed milling 
involves speeds 200 times greater. 

Advantages. A major advantage of high- 
speed milling is increased productivity. In- 
vestigations have shown that the rate of 
temperature increase tends to decrease at 
higher cutting speeds. There is no detrimen- 
tal effect on the finishes produced. In fact. 
in most instances, smoother surface finishes 
are obtained. 

Limitations. A possible limitation to high- 
speed milling is the need for rigid, adequate- 
ly powered machines with high speed and 
feed capabilities, strong fixturing, secure 
workholding, and ample guarding, which 
add to capital equipment costs. In addition, 
because machining time is only a small 
percentage of the total production time for 
any workpiece, the added cost for high- 
speed milling may not be economically fea- 
sible. Work is being done with gas hydro- 
dynamic, hydrostatic, and active magnetic 
bearings to increase the high-speed capabil- 
ities of milling machines. 

Applications. Much of the work in high- 
speed milling has been done with small end 
mills for cutting aluminum alloys and honey- 
comb materials that are easy to machine. One 
major defense contractor found that a cutting 
speed increase of 500% resulted in a 300% 
improvement in cutter efficiency (cubic inch- 
es of metal removed per minute per horse- 
power). This firm is milling 7075 aluminum 
alloy at cutting speeds to 5500 m/min (18 000 
sfm) with feeds to 4600 mm/min (180 in./min), 
using solid carbide, two-flute end mills. 

During tests at another aerospace manufac- 
turer, 25 mm (1 in.) diam, two-flute end mills 
(both high-speed steel and carbide) were op- 
erated at 20 000 rev/min and at feed rates of 
5100 mm/min (200 in./min) or more with good 
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cutter life. Axial depths of cut were 6.35 mm 
(0.250 іп.) and radial depths were 13.97 mm 
(0.550 in.). The optimum feed was 0.20 to 0.25 
mm/tooth (0.008 to 0.010 in./tooth), depend- 
ing on the aluminum alloy being milled. More 
detailed information on high-speed milling 
methods is available in the article “Нїрһ- 
Speed Machining" in this Volume. 


Milling Compared With 
Alternative Processes 


Any surface that is accessible can be 
milled. This means that milling machines 
are to some extent competitive with all 
other machine tools. However, when the 
work is to be revolved, a milling machine. 
can be used, but is seldom selected for the 
job because machines of the lathe family are 
inherently morc efficient for such purposes. 

Milling machines are capable of machin- 
ing holes and locating them with a fair 
degree of accuracy; tolerances range from 
25 to 50 pm (0.001 to 0.002 in.). A milling 
machine is economical for doing such work 
in small quantities without additional equip- 
ment. If the holes do not need to be located 
accurately, a drill press will perform the 
task more quickly and easily, For large 
quantities. the milling machine is usually 
slower and unable to compete with jigs on 
drilling machines or with production boring 
machines. Jig boring machines are neces- 
sary where holes must be located more 
precisely than can be done with milling 
machines. Large pieces require the capacity 
and range of horizontal boring machines. 
Flat, straight, and many curved and irregu- 
lar surfaces can be shaped, planed, or 
broached as well as milled. 

Broaching is more economical than mil 
ing in many cases for large quantities, but 
disadvantageous in other cases. Milling of- 
ten is best for moderate quantities. 

Planing or Shaping. The initial cost of a 
milling machine is considerably greater than 
that of a planer or a shaper that can machine 
workpieces of similar size. In addition, the 
tooling for milling usually costs up to 50 
times as much, and setup time is usually 
longer. However, milling is far more effi- 
cient than planing or shaping in removing 
metal within a given time. 

Grinding is capable of producing parts 
to closer tolerances and finer finishes and 
can remove harder materials than milling. 
Some grinding is done entirely from rough 
stock in a process called abrasive machin- 
ing, but many parts are milled before 
grinding. 

Grinding is often preferred to milling 
when the amount of metal to be removed is 
small and dimensional accuracy and surface 
finish are critical. Milling and grinding are 
frequently used in combination, but when 
grinding can perform the entire machining 
operation, the time and expense of an extra 
setup are avoided. 








Gear Manufacture 


Revised by Theodore J. Krenzer, The Gleason Works, Division of Gleason Corporation 
and Joseph W. Coniglio, Gould & Eberhardt Gear Machinery Corporation 


GEARS are machine elements that trans- 
mit rotary motion and power by the succes- 
sive engagement of teeth on their periphery. 
They constitute an economical method for 
such transmission, particularly if power lev- 
els or accuracy requirements are high. 
Gears are basically modifications of friction 
disks; teeth are added to prevent slipping 
and to ensure that their relative motions are 
constant. However, it should be noted that 
the addition of teeth does not change the 
relative velocities of the disks and shafts; 
the velocity ratio is determined by the di- 
ameters of the disks. Although wooden 
teeth or pegs were attached to disks to make 
gears in ancient times, the teeth of modern 
gears are produced by making cuts into 
disks that are sufficiently large to contain 
the outer portions of the teeth, or by form- 
ing processes that cause the metal in the 
teeth to plastically flow outward [rom à 
disk. 

Gears can be produced commercially by 
sand casting, die casting. stamping, and 
powder metallurgy. All these processes are 
suited to gears for low wear requirements, 
low power transmission (except large sand 
cast gears), and relatively low accuracy of 
transmitted motion. When the application 
involves higher values of one or more of 





Metal removal 


these characteristics, cut or machined gears 
arc used. 

The methods of gear cutting can be divid- 
ed broadly into form cutting and generating 
processes. The tooth profile in the former is 
obtained by using a form cutting tool. This 
may be a multiple-point cutter used in à 
milling machine or a broaching machine, or 
a single-point tool for use in a shaper. A 
variation of the form cutter method is based 
on transferring the profile from a templet. 
This method is used in the shaperlike cut- 
ting of large tooth forms and in cutting bevel 
gear teeth on a bevel gear planer. In all 
these processes, the workpiece is held sta- 
tionary until a tooth is finished: the piece is 
then indexed for successive teeth. 

In the generating process, the tooth pro- 
file is obtained by a tool that simulates one 
or more teeth of an imaginary generating 
gear. A relative rolling motion of the tool 
with the workpiece generates the tooth sur- 
face. This method is used in the hobbing. 
shaping, and milling processes for manufac- 
turing spur and helical gears and in the face 
milling and face hobbing of bevel gears. 

A wide variety of machines are used to 
cut gear teeth. As shown in Fig. 1, there are 
four morc or less distinct ways to cut mate- 
rial from a gear blank so as to leave a 
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Fig. 1 Outline of methods of producing gear teeth 


toothed wheel after cutting. First, the cut- 
ting tool can be threaded and gashed. If so. 
it is a hob. and the method of cutting is 
called hobbing. Second, when the cutting 
tool is shaped like a pinion or a scction of a 
rack, it will be used in a cutting method 
called shaping. Third, in the milling pro- 
cess, the cutting tool is a toothed disk with 
a gear tooth contour ground into the sides of 
the teeth. The fourth general method uses a 
tool (or a series of tools) that wraps around 
the gear and cuts all teeth at the same time. 
Methods of this type are termed broaching, 
punching, or shear cutting. 

Gears are useful when the following kinds 
of power or motion transmission аге re- 
quired: 


€ A change in the speed of rotation 

* A multiplication or division of the torque 
or magnitude of rotation 

е A change in the direction of rotation 

* A conversion from rotational to linear 
motion or vice versa (rack gears) 

е A change in the angular orientation of the 
rotational motion (bevel gears) 

© An offset or change in the location of the 
rotating motion 


Power transmission gears are normally of 
coarse pitch and can be very large. Power 
plant gears as large as 7.3 m (24 ft) have 
been made. They can transmit tens of thou- 
sands of horsepower. Contrasted with these 
are fine-pitch miniature instrument and 
watch gears as small as 2 mm (0.080 in.) in 
pitch diameter. Normally, these small gears 
transmit motion only; the power they trans- 
mit is negligible. 

Gears of 20 diametral pitch or coarser are 
classified as coarse-pitch gears. Fine-pitch 
gears are those with a diametral pitch great- 
er than 20. The usual maximum fineness is 
120 diametral pitch. However, involute- 
tooth gears can be fabricated with diametral 
pitches as fine as 200, and cycloidal-tooth 
gears with diametral pitches to 350. 


Terminology 


Several terms commonly used in describ- 
ing gears are defined below: 
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Fig. 2 schematic of typical gear tooth nomenclature 


* Addendum: Height of tooth above pitch 

circle 

Base circle: Circle from which the invo- 

lute tooth profiles are generated 

Circular pitch: Length of arc of the pitch 

circle between corresponding points on 

adjacent teeth 

* Dedendum: Depth of a tooth space below 

the pitch circle 

Diametral pitch: A measure of tooth size 

in the English system. In units, it is the 

number of teeth per inch of pitch diame- 

ter. As the tooth size increases, the di- 

ametral pitch decreases. Diametral pitch- 

es usually range from 25 to | 

Face width: Length of the gear teeth in 

the axial plane 

Module: A measure of tooth size in the 

metric system. In units, it is millimeters 

of pitch diameter per tooth. As the tooth 

size increases, the module also increases. 

Modules usually range from 1 to 25 

Pitch circle: A circle of radius equal to 

the distance form the gear axis to the 

pitch point 

Pitch diameter: Diameter of the pitch 

circle 

* Pitch point: The tangency point of the 
pitch circles of two mating gears 

* Pressure angle: The angle between a 
tooth profile and a radial line at its pitch 
point 


These terms and others are shown schemat- 
ically in Fig. 2. 


Types of Gears 


Gears can be classified as being of the 
spur, helical, herringbone, crossed-axes he- 
lical, worm, internal, rack, bevel, or face 
type. Each is discussed below. 

Spur gears (Fig. 3a), the most common 
type, are used to transmit power or motion 
between parallel shafts or between a shaft 





and a rack. Spur gears have radial teeth 
uniformly spaced around the outer periph- 
ery of their circular shapes and parallel to 
the shafts on which they are mounted. 
Tooth contact between mating spur gears is 
in a straight line tangent to the pitch circles. 
Helical gears (Fig. 4a) are used to trans- 
mit motion between parallel or crossed 
shafts or between a shaft and a rack by 
meshing teeth that lie along a helix at an 
angle to the shaft. Because of this angle, 
mating of the teeth occurs in such a way 
that more than one tooth of each gear is 
always in mesh. This condition permits 
smoother action than with spur gears. How- 
ever, unlike spur gears, some end thrust is 
inevitable in helical gears, causing loss of 
power and requiring thrust bearings. 
Herringbone gears (Fig. 5), sometimes 
called double helical gears, are used to 
transmit motion between parallel shafts. 
Herringbone gears combine the principal 
advantages of spur and helical gears be- 
cause their tooth engagement is progres- 
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sive, with two or more teeth sharing the 
load at the same time. Because they have 
equal right-hand and left-hand helixes, end 
thrust is eliminated. Herringbone gears can 
be operated at higher pitch-line velocities 
than spur gears. 

Crossed-axes helical gears (Fig. 6) op- 
erate with shafts that are nonparallel and 
nonintersecting. Crossed-helical gears are 
essentially nonenveloping worm gears, that 
is, both members are cylindrical. The action 
between mating tceth has a wedging effect, 
which results in sliding on tooth flanks. 
These gears have low load-carrying capaci- 
ty, but are useful where shafts must rotate 
at an angle to each other. 

Worm gear sets are usually right-angle 
drives consisting of a worm gear (or worm 
wheel) and a worm. A single-enveloping 
worm gear set has a cylindrical worm, but 
the gear is throated (that is, the gear blank 
has a smaller diameter in the center than at 
the ends of the cylinder, the concave shape 
increasing the area of contact between 
them) so that it tends to wrap around the 
worm. In the double-enveloping worm gear 
set, both members are throated, and both 
members wrap around each other. A dou- 
ble-enveloping worm gear set is shown in 
Fig. 7. Worm gear sets are used where the 
ratio of the speed of the driving member to 





Fig. 5 ^ typical one-piece herringbone gear. The 
IJ- 9 opposed helixes permit multipletoath en- 
gogement and eliminate end thrust. 
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Fig. 6 Moting crossed-axes helical gears 


the speed of the driven member is large, and 
for a compact right-angle drive. 

Internal gears arc used to transmit mo- 
tion between parallel shafts. Their tooth 
forms are similar to those of spur and helical 
gears except that the teeth point inward 
toward the center of the gear. Common 
applications for internal gears include rear 
drives for heavy vehicles, planetary gears, 
and speed-reducing devices. Internal gears 
are sometimes used in compact designs 
because the center distance between the 
internal gear and its mating pinion is much 
smaller than that required for two external 
gears. A typical relation between an internal 
gear and a mating pinion is shown in Fig. 8. 

Racks. A rack is a gear having a pitch 
circle of infinite radius, Its teeth lie along a 
straight line on a plane. The teeth may be at 
tight angles to the edge of the rack and mesh 
with a spur gear (Fig. 3b), or the teeth on 
the rack may be at some other angle and 
engage a helical gear (Fig. 4b). 

Bevel gears transmit rotary motion be- 
tween two nonparallel shafts. These shafts 
are usually at 90° to each other. 

Straight bevel gears (Fig. 9a) have 
straight teeth that, if extended inward, 
would intersect at the axis of the gear. 
"Thus, the action between mating teeth re- 
sembles that of two cones rolling on each 
other (see Fig. 10 for angles and terminolo- 
gy). The use of straight bevel gears is gen- 
erally limited to drives that operate at low 
speeds and where noise is not important. 

Spiral bevel gears (Fig. 9b) have tecth 
that are curved and oblique. The inclination 
of the teeth results in gradual engagement 
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and continuous line contact or overlapping 
action; that is, more than one tooth will be 
in contact at all times. Because of this 
continuous engagement, the load is trans- 
mitted more smoothly from the driving to 
the driven gear than with straight bevel 
gears. Spiral bevel gears also have greater 
load-carrying capacity than their straight 
counterparts. Spiral bevel gears are usually 
preferred to straight bevel gears when 
speeds are greater than 300 m/min (1000 
sfm), and particularly for very small gears. 

Zerol bevel gears (Fig. 9c) are curved- 
tooth bevel gears with zero spiral angle. 
They differ from spiral bevel gears in that 
the teeth are not oblique. They are used in 
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Fig. 9 Four types of bevel gears 
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the same way as spiral bevel gears. and they 
have somewhat greater tooth strength than 
straight bevel gears. 

Hvpoid gears (Fig. 9d) are similar to 
spiral bevel gears in general appearance. 
The important difference is that the pinion 
axis of the hypoid pair of gears is offset 
somewhat from the gear axis. This feature 
provides many design advantages. In oper- 
ation, hypoid gears run even more smoothly 
and quietly than spiral bevel gears and are 
somewhat stronger. 

Spiral bevel, Zerol bevel, and hypoid 
gears are of two types—generated and non- 
generated. In appearance, the two types are 
nearly identical, the only difference being a 
slight variation in the profile shape of the 
teeth. In a generated pair. the teeth of both 
the gear and pinion arc cut on a generating- 
type machine, while in a nongenerated pair, 
only the pinion member is generated. the 
teeth of the gear being straight-sided. In 
generating a pinion to operate with a non- 
generated gear, the tooth profile is modified 
to compensate for the lack of profile curva- 
ture in the gear tooth. For reasons of tooth 
design, nongenerated gears are usually lim- 
ited to ratios of at least 2.5:1. 

Nongenerated gears are used primarily 
for economy. Because no generating roll is 
required when cutting the gear member, 
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machining is several times faster than for a 
generated counterpart. For this reason, 
nongencrated bevel gears are widely used 
when mass production is required. 

Face gears have teeth cut on the end face 
of a gear. as the term face gear implies. 
They are not ordinarily thought of as bevel 
gears, but functionally they are more akin to 
bevel gears than to any other type. 

A spur pinion and a face gear are mount- 
ed (like bevel gears) on shafts that intersect 
and have a shaft angle (usually 90°), The 
pinion bearings carry mostly radial load, 
while the gear bearings have both thrust and 
radial load. The mounting distance of the 
pinion from the pitch-cone apex is not crit- 
ical, as it is in bevel or hypoid gears. Figure 
Il shows the terminology used with face 
Bears. 

The pinion that goes with a face gear is 
usually made spur, but it can be made 
helical if necessary. The formulas for deter- 
mining the dimensions of a pinion to run 
with a face gear are no different from those 
for the dimensions of a pinion to run with a 
mating gear on parallel axes. The pressure 
angles and pitches used are similar to spur 
gear (or helical gear) practice. 

The gear must be finished with a shaper- 
cutter that is almost the same size as the 
pinion. Equipment for grinding face gears is 
not available. The teeth can be lapped, and 
they can be shaved without too much diffi- 
culty, although ordinarily shaving is not 
used. 

The face gear tooth changes shape from 
one end of the tooth to the other. The face 
width of the gear is limited at the outside 
end by the radius at which the tooth be- 
comes pointed. At the inside end, the limit 
is the radius at which undercut becomes 
excessive. Due to practical considerations, 





Table 1 
use 


Types of gears in common 





Parallel axes 
Spur external 

Spur internal 

Helical external 

Helical internal. 

Intersecting axes 

Straight bevel 

Zerol bevel 

Spiral bevel 

Face gear 

Nonintersecting and nonparallel axes 





Crossed helical 
Single-enveloping worm 
Double-enveloping worm 
Hypoid 

Spiroid 





it is usually desirable to make the face width 
somewhat short of these limits. The pinion 
to go with a face gear is usually made with a 
20° pressure angle. 


Proper Gear Selection 


The first step in designing a set of gears is 
to sclect the correct type. In many cases, 
the geometric arrangement of the apparatus 
that п a gear drive will considerably 
affect the selection. If the gears must be on 
parallel axes, then spur or helical gears arc 
appropriate. Bevel and worm gears can be 
used if the axes arc at right angles, but they 
are not feasible with parallel axes. If the 
axes are nonintersecting and nonparallel, 
then crossed-helical gears. hypoid gears, 
worm gears, or Spiroid gears can be used. 
Worm gears, though, are seldom used if the 
axes are not at right angles to each other. 
Table | lists the principal types of gears and 
how they are mounted. 

There are no dogmatic rules that tell the 
designer which gear to use. The choice is 
often made after weighing the advantages 
and disadvantages of two or three types of 
gears. Some generalizations, though, can be 
made about gear selection. 

External helical gears are generally uscd 
when both high speeds and high horsepow- 
ers are involved. External helical gears 
have been built to carry as much as 45 000 
kW (60 000 hp) of power on a single pinion 
and gear. Larger helical gears could also be 
designed and built. It is doubtful if any other 
type of gear could be built and used suc- 
cessfully to carry this much power on a 
single mesh. 

Bevel gears arc ordinarily used on right- 
angle drives when high efficiency is needed. 
These gears can usually be designed to 
operate with 98% or better efficiency. 
Worm gears seldom operate at efficiencies 
above 90%. Hypoid gears do not have as 
good efficiency as bevel gears, but hypoid 
gears can carry more power in the same 
space, provided the speeds are not too high. 
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Worm gears are ordinarily used on right- 
angle drives when very high ratios (single- 
thread worm and gear) are needed. They are 
also widely used in low-to-medium ratios 
(multiple-thread worm and gear) as pack- 
aged speed reducers. Single-thread worms 
and worm gears are used to provide the 
mechanical indexing accuracy on many ma- 
chinc tools. The critical function of indexing 
hobbing machines and gear shapers is near- 
ly always done by worm gear drive. 

Spur gears are relatively simple in design 
and in the machinery used to manufacture 
and check them. Most designers prefer to 
use them wherever design requirements 
permit. 

Spur gears are ordinarily thought of as 
slow-speed gears, while helical gears are 
thought of as high-speed gears. If noise is 
not a serious design problem, spur gears can 
be used at almost any speed that can be 
handled by other types of gears. Aircraft 
gas-turbine precision spur gears sometimes 
operate at pitch-line speeds above 50 m/s 
(10 000 sfm). In general, though, spur gears 
are not used much above 20 m/s (4000 sfm). 


Machining Processes 
for Gears 


Simple gear tooth configurations can be 
produced by basic processes such as mill- 
ing. broaching, and form tooling. Complex 
gear tooth configurations require more so- 
phisticated processes designed especially 
for the manufacture of gears. 


Processes for Gears 
Other Than Bevel Gears 


The methods used to cut the teeth of 
gears other than bevel gears arc milling, 
broaching, shear cutting, hobbing, shaping, 
and rack cutting. In any method, a fixture 
must hold the gear blank in correct relation 
to the cutter, and the setup must be rigid. 

Milling produces gear teeth by means of a 
form cutter. The usual practice is to mill one 
tooth space at a time. After each space is 
milled, the gear blank is indexed to the next 
cutting position. 

Peripheral milling can be used for the 
roughing of teeth in spur and helical gears. 
Figure 12 shows teeth in a spur gear being 
cut by peripheral milling with a form cutter. 
End milling can also be used for cutting 
teeth in spur or helical gears and is often 
used for cutting coarse-pitch teeth in her- 
ringbone gears. 

In practice, gear milling is usually con- 
fined to one-of-a-kind replacement gears, 
small-lot production, the roughing and fin- 
ishing of coarse-pitch gears, and the finish 
milling of gears having special tooth forms. 
Although high-quality gears can be pro- 
duced by milling, the accuracy of tooth 
spacing on older gear milling machines was 
limited by the inherent accuracy of the 
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Cutter. 





Relotion of cutter and workpiece when 
milling teeth in a spur gear 


Fig. 12 


indexing mechanism. Most indexing tech- 
niques used on modern gear milling ma- 
chines incorporate numerical control or 
computer numerical control, and the accu- 
racy can rival that of hobbing machines. 

Broaching. Both external and internal 
gear teeth, spur or helical, can be broached, 
but conventional broaching is usually con- 
fined to cutting teeth in internal gears. Fig- 
ure 13 shows progressive broach steps in 
cutting an internal spur gear. The form of 
the space between broached gear teeth cor- 
responds to the form of the broach teeth. 
The cutting action of any single broach 
tooth is similar to that of a single form tool. 
Each cross section of the broach has as 
many teeth as there are tooth spaces on the 
gear. The diameter of each section in- 
crcases progressively to the major diameter 
that completes the tooth form on the work- 
piece, Broaching is fast and accurate, but 
the cost of tooling is high. Therefore, 
broaching of gear teeth is best suited to 
large production runs. 

Shear cutting is a high-production meth- 
od for producing teeth in external spur 
gears. The process is not applicable to he- 
lical gears. In shear cutting, as in broaching. 
all tooth spaces are cut simultaneously and 
progressively (Fig. 14). Cutting speeds in 
shear cutting are similar to those for broach- 
ing the same work metal. Machines are 
available for cutting gears up to 508 mm (20 
in.) in diameter, with face width up to 152 
mm (6 in.). 

The shear cutting head is mounted in a 
fixed position, and the gear blanks arc 
pushed through the head. Cutting tools are 
fed radially into the head, a predetermined 
amount for each stroke, until the required 
depth of tooth space is reached. In shear 
cutting, some space is required for over- 
travel, although most workpieces with inte- 
gral shoulders or flanges (such as cluster 
gears) do have enough clearance between 
sections to allow shear cutting to be used. 
Therefore, this process is best suited to 
large production runs. 
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Fig. 13 


Progressive action of broach teeth in cut- 
ting teeth of an internal spur gear 


Hobbing is a practical method for cutting 
teeth in spur gears, helical gears, worms, 
worm gears, and many special forms. Con- 
ventional hobbing machines are not appli- 
cable to cutting bevel and internal gears. 
Tooling costs for hobbing are lower than 
those for broaching or shear cutting. There- 
fore, hobbing is used in low-quantity pro- 
duction or even for a few pieces. On the 
other hand, hobbing is a fast and accurate 
method (compared to milling, for example) 
and is therefore suitable for medium and 
high production quantities. 

Hobbing is a generating process in which 
both the cutting tool and the workpiece 
revolve in a constant relation as the hob is 
being fed across the face width of the gear 
blank. The hob is a fluted worm with form- 
relieved teeth that cut into the gear blank ii 
succession, each in a slightly different posi- 
tion. Instead of being formed in one profile 
cut, as in milling, the gear teeth are gener- 
ated progressively by a series of cuts (Fig. 
15). The hobbing of a spur gear is shown in 
Fig. 16. 

Gear shaping is the most versatile of all 
gear cutting processes. Although shaping is 
most commonly used for cutting tecth in 
spur and helical gears, this process is also 
applicable to cutting herringbone teeth, in- 
ternal gear teeth (or splines), chain sprock- 
ets, ratchets, elliptical gears, face gears, 
worm gears, and racks. Shaping cannot be 
used to cut teeth in bevel gears. Because 
tooling costs are relatively low, shaping is 
practical for any quantity of production. 











Schematic of hobbing action. Gear tooth 
is generated progressively by hob teeth. 


Fig. 15 
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; Progressive action in shear cutting teeth of 
Fig. 14 тенета! spur gear. Sheor cutting op- 
eration proceeds from roughing (a) to intermediate (b) to 
finishing (c) operations. 


Workpiece design often prevents the use of 
milling cutters or hobs (notably, for cluster 
gears), and shaping is the most practical 
method for cutting the teeth. 

Gear shaping is à generating process that 
uses a toothed disk cutter mounted on à 
spindle that moves in axial strokes as it 
rotates. The workpiece is carried on a sec- 
ond spindle. The workpi pindle is syn- 
chronized with the cutter spi 
tates as the tool cuts while it is being fed 
gradually into the work. The action between 
a shaping cutter and a gear blank is illustrat- 
ed in Fig. 17. Shaping applied to the cutting 
of a worm (Fig. 18) involves no axial stroke 
of the cutter spindle. 

Rack cutting is done with a cutter in the 
form of a rack with straight teeth (usually 
three to five). This cutter reciprocates par- 
allel to the gear axis when cutting spur gears 
and parallel to the helix angle when cutting 
helical gears. Metal is removed by a shaper- 
like stroke similar to the cutting action in 
gear shaping. In addition to the reciprocat- 
ing action of the rack cutter, there is syn- 
chronized rotation of the gear blank with 
each stroke of the cutter, with a corre- 
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Fig. 16 Hobbing of о spur gear 
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7 Relation of cutter and workpiece in shop- 
ing gear teeth 


Fig. 1 
sponding advance of the cutter as in the 
meshing of a gear and rack. By these com- 
bined actions, the truc involute curve of the 
gear tooth is developed. Several gear cut- 
ting machines use this principle. Rack cut- 
ters are less expensive than hobs. Rack 
cutting is especially adapted to the cutting 
of large gears or gears of coarse pitch or 
both. Gears with diametral pitch as coarse 
as Y are commonly cut by the rack method. 


Processes for Bevel Gears 

The machining of bevel gears is treated as 
& separate subject because most bevel gears 
are cut in special machines with special 
cutters. However, the action of these cut- 
lers bears a close resemblance to one or 
more of the basic processes—milling, 
broaching. or shaping. Both generating and 
nongenerating processes are discussed be- 
low. 

Milling is not widely used for cutting 
bevel gears, because of the accuracy limits 
of indexing devices and because the opera- 
tion is time consuming (as many as five cuts 
around the gear may be required for com- 
pleting one gear). Straight bevel gears are 
sometimes roughed by milling and then fin- 
ished by another method. This two-opera- 
tion procedure is more common when the 
availability of special gear cutting machines 
is limited. 

Template machining is a low-produc- 
tion, nongenerating method used to cut the 
tooth profiles of large bevel gears using a 
bevel gear planer (Fig. 19). Because the 
setup can be made with a minimum of 
tooling, template machining is useful when 
à wide variety of coarse-pitch gears are 
required. Template machining uses a sim- 
ple. single-point cutting tool guided by a 
template several times as large as the gear 
tooth to be cut. Under these conditions, 
high accuracy in tooth forms is possible. 

The necessary equipment is unique. The 
setup utilizes two templates: one for each 
side of the gear tooth. In theory, a pair of 
templates would be required for each gear 
ratio, but in practice a pair is designed for a 
small range of ratios. A set of 25 pairs of 
templates encompasses all 90° shaft angle 
ratios from 1:1 to for either 14% or 20° 
pressure angles. This system of templates is 
based on the use of equal-addendum tooth 
proportions for all ratios. The tooth bearing 
localization is produced by a slight motion 
of the tool arm as the cutting tool moves 
along the tooth. The length and position of 














" Relotion of cutter and workpiece in gen- 
Fig. 18 erating a worm by shaping 


the cut can be controlled by the machine 
operator. 

To produce a finished gear. five or six 
cutting operations are required. Thc first is 
а roughing operation, made by feeding a 
slotting tool or a corrugated V-tool to full 
depth. If the first cut is made with a slotting 
tool, a second cut is required with a V-tool 
or a corrugated V-tool. Cuts are made with 
the template follower resting on a straight 
guide. After roughing, the templates are sct 
up, and the teeth are finished by making two 
cuts on cach side. Slotting tools are speci- 
fied by point width and depth of cut; corru- 
gated roughing tools, by point width, depth 
of cut, and pressure angle: finishing tools, 
by point width only. To set up a straight 
bevel gear planer for template machining, 
the operator need know only the tooth 
Proportions of the gear to be cut, plus the 
template list and the index gear list fur- 
nished with the machine. 

Formate cutting and Helixform cutting 
are nongenerating methods for cutting spiral 
bevel and hypoid gears. Nongenerating 
methods can be used for cutting the gear 
member of spiral bevel and hypoid pairs 
when the gear-to-pinion ratio is or 
greater. The two principal methods are For- 
mate cutting and Helixform cutting. 

Formate cutting is applicable to both the 
roughing and singlc-cycle finishing of gears 
with pitch diameters up to 2540 mm (100 
in.). Roughing and finishing are sometimes 
both done by one cutter in the same ma- 
chine. More often. for greater efficiency, 
roughing and finishing operations are done 
in different machines. 

The Formate method can be used with 
the two-cut roughing and finishing meth- 
od. in which the gear is roughed to depth 
and then single-cycle finished, or with a 
one-cut roughing and finishing method 
known as completing. In the completing 
method. the cutter is plunged to approxi- 
mately 0.25 mm (0.010 in.) of whole depth, 
the cutting speed is doubled. and the cutter 
is fed to whole depth, taking a light chip. 
This final portion of the cycle removes the 
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Fig. 19 by template machining in a bevel gear 
planer 


built-up edge on the cutter and produces 
an acceptable surface finish. The complet- 
ing method is used for both face milling 
and face hobbing. 

In the Formate single-cycle finishing 
method, one tooth space is finish cut in one 
revolution of the cutter, Stock removal is 
accomplished by cutting blades mounted in 
a circular cutter that resembles a face mill- 
ing cutter. Each blade in the cutter is slight- 
ly longer and wider than the preceding 
blade; thus, the cutting action is, in effect, 
that of a circular broach. A gap between the 
first and last cutting blades permits indexing 
of the workpiece as each tooth space is 
completed. The relative positions of cutter 
and gear during Formate single-cycle cut- 
ting are illustrated in Fig. 20. 

Helixform cutting, another nongenerating 
method of cutting spiral bevel and hypoid 
gears, is generally similar to Formate cut 
ting. However, there is one significant dif- 
ference in the method and in the finishing 
operation for the gear member. 

One turn of the Helixform cutter finishes 
both sides of a tooth space. The cutter has 
both rotational and reciprocating motion, 
and this combination makes the path of the 
cutter-blade tips tangent to the root plane of 
the gear. Because the cutting edge is a 
straight line, the surface cut by a Helixform 
gear cutter is a true helical surface. The 
principal advantage of Helixform cutting 
compared to Formate cutting is that the 
gear produced by Helixform is conjugate to 




















i Relative positions of cutter and workpiece 
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the mating pinion, and the resulting contact 
pattern has little or no bias. 

The Cyclex method is also a nongenerat- 
ing method, and the result is the same as 
that for the Formate method. The Cyclex 
method was developed for the rough and 
finish cutting of gears in one operation and 
is particularly suitable when production 
quantities are not great enough to warrant 
separate Formate roughing and finishing 
machines for the gear member. Cyclex ma- 
chines of the generator type can cut a wide 
range of gear sizes and can be used for 
cutting both gears and pinions. 

In the Cyclex method, the gear is roughed 
and finished in one chucking from the solid 
blank. The finishing blades of the cutter are 
set below the roughing blades and do not 
contact the work during the roughing cycle. 
Several revolutions of the cutter may be 
necessary for roughing, the number re- 
quired depending on the pitch of the gear. In 
the final revolution, after the last roughing 
blade has passed through the cut, the work 
is rapidly advanced, permitting the finishing 
blades to make contact and finish the tooth 
space to size. After the finishing blades 
have passed through the cut, the work is 
rapidly withdrawn and indexed, and the 
cycle is repeated until all teeth are complet- 
ed. 
Face mill cutting machines are used to 
finish cut teeth in spiral bevel, Zerol, and 
hypoid gears. Machines and cutters arc 
available for cutting gears ranging from 
small instrument gears up to about 2540 mm 
(100 in.) in diameter. 

The three types of face mill cutters are 
identified by the design of their cutting 
blades: integral, segmental, and inserted. 
All of these can be used for both roughing 
and finishing. Solid or integral-blade cut- 
ters are made from a single piece of tool 
steel and are usually less than 152 mm (6 
in.) in diameter. They are used for fine- 
pitch gears. Segmental cutters are made up 
of sections, each having two or more 
blades. The segments are bolted to the 
cutter head around the periphery. Insert- 
ed-blade cutters are of two types. The first 
type has blades that are bolted to the 
slotted head. This cutter usually has par- 
allels for changing diameter, and adjusting 
wedges for truing individual blades. The 
blades are sharpened in a radial or near- 
radial plane. The second type of inserted- 
blade cutter has blades that are clamped in 
the slot. The blades are sharpened by 
topping the blades down and repositioning 
them in the head. 

For finishing, the three types of cutters 
can be furnished with all outside blades, all 
inside blades, or alternate outside and in- 
side blades. Roughing cutters and complet- 
ing cutters can have either alternate inside 
and outside blades or have end-cutting or 
bottom-cutting blades alternately spaced 
with inside and outside blades. 





There are four basic cutting methods: 
completing, single-side, fixed-setting, and 
single-setting. In each case, the rotating 
cutting edges of a face mill cutter represent 
the imaginary gear surfacc. 

The completing method is the generation 
of the part by a circular face mill or face hob 
cutter with alternate inside and outside 
blades that cut the tooth surfaces on both 
sides of a tooth space at the same time. 
With this method. each member is finished 
in one operation. 

In the single-side method, the part is 
finished by a circular face mill cutter with 
alternate inside and outside blades that cut 
the tooth surface on each side of a tooth 
space in separate operations with indepen- 
dent machine settings. 

In the fixed-setting method, the part is 
finished by two circular face mill cutters: 
onc with inside blades only for cutting the 
convex side of the tooth, and the other with 
outside blades only for cutting the concave 
side. The two sides of the tooth are pro- 
duced separately in two entirely different 
machine setups. For large production runs, 
a pair of machines is used. One machine is 
for cutting one side of the tooth, and the 
other is for the other side of the tooth. 

The single-setting method is a variation of 
the completing method and is used when the 
available cutters have point widths too 
small for completing cutting. Both sides are 
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Fig. 22 schematic of the face hob cutting method 
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Face mill cutter shown in position to gen- 
erate a pinion by the fixed-setting method 


Fig. 21 


cut with the same machine settings, and the 
blank is rotated on its axis to remove the 
amount of stock necessary to produce the 
correct tooth thickness. After the first cut, 
only one side of the cutter is cutting in the 
tooth slot. Figure 21 illustrates the action of 
a face mill when generating pinion teeth by 
the fixed-setting method (inside blades). 

Face hob cutting is similar to face milling 
except that the indexing is superimposed on 
the generating cycle, Cutters are arranged 
with blade groupings. As each blade group 
passes through the cut, the work is being 
indexed one pitch (Fig. 22). Gears cut by 
this method are generally completed in one 
operation. Most face hob cutters are of the 
inserted-blade type. Integral and segmental 
systems are available. 
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Relation of interlocking cutters (complet- 
ing generators) with the bevel gear being 


Fig. 23 


cut 


Interlocking cutters, known also as com- 
pleting generators, generate the teeth on 
straight bevel gears or pinions from a solid 
blank in one operation. 

In this method, two interlocking disk- 
type cutters rotate on axes inclined to the 
face of the mounting cradle, and both cut in 
the same tooth space (Fig. 23). The cutting 
edges present a concave cutting surface that 
removes more metal at the ends of the 
teeth, giving localized tooth contact. The 
gear blank is held in a work spindle that 
rotates in timed relation with the cradle on 
which the cutters are mounted. A feed-cam 
cycle begins with the workhead and blank 
moving into position for rough cutting, 
without generating roll, and cutting pro- 
ceeds until the cut is just short of full depth. 
After a rough generating roll, the work is 
fed in to full depth, and a fast up-roll finish 
generates the tooth sides. At the top of the 
roll, the work backs out, and the cradle and 
indle roll down again into roughing 
position. During this short down-roll, the 
blank is indexed. 

Revacycle is a generating process used 
for cutting straight bevel gears up to about 
255 mm (10 in.) pitch diameter in large 
production runs. This is the fastest method 
for producing straight bevel gears of com- 
mercial quality. Initial tooling cost is greater 
for the Revacycle process than for other 
processes for cutting straight bevel gears, 
but the high production rate results in the 
lowest cost for mass production. 

Most gears produced by the Revacycle 
method are completed in one operation, 
using cutters 406, 457, 533, or 635 mm (16, 
18, 21, or 25 in.) in diameter that rotate in a 
horizontal plane at a uniform speed (Fig. 
24). The cutter blades, which extend radial- 
ly outward from the cutter head, have con- 
cave edges that produce convex profiles on 
the gear teeth. During cutting, the work- 
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Fig. 24 Jens cutter in position to cut о bevel 


piece is held motionless while the cutter is 
moved by means of a cam in a straight line 
across the face of the gear and parallel to its 
root line. This motion produces a straight 
tooth bottom while the desired tooth shape 
is being produced by the combined effect of 
the motion of the cutter and the shapes of 
the cutter blades. The cutter is actually a 
circular broach in that each successive cut- 
ting tooth is larger than the one that pre- 
cedes it along the circumference of the 
cutter. The cutter makes only one revolu- 
tion per tooth space. 

Feed is obtained by making cutter blades 
progressively longer, rather than by moving 
the entire cutter into the work. The com- 
pleting cutter contains three kinds of 
blades: roughing, semifinishing, and finish- 
ing. One revolution of the cutter completes 
cach tooth space, and the work is indexed in 
the gap between the last finishing blade and 
the first roughing blade. For the small 
amount of Revacycle work that is too deep 
to be completed in one cut, separate rough- 
ing and finishing operations are used. Under 
these conditions, separate cutters and set- 
ups are required for each operation. The 
cutters and machine cycles are similar to 
those for completing cutters, except that the 
roughing cutters have no semifinishing or 
finishing blades. A second cutter has only 
semifinishing and finishing blades. 

Two-tool generators are used for cutting 
straight bevel gears by means of two recip- 
rocating tools that cut on opposite sides of a 
tooth (Fig. 25). Tooling cost low for 
two-tool generators, but production rates 
are lower than those for other straight bevel 
generators, such as interlocking cutters and 
Revacycle machines. Two-tool generators 
are usually used when: 











* The gears are beyond the practical size 
range (larger than about 254 mm, or 10 
in., pitch diameter) of other types of 
generators 

* Gears have integral hubs or flanges that 
project above the root line, thus prevent- 
ing the use of other generators 
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* A small production quantity or a variety 
of gear sizes cannot be accommodated by 
other types of machines used for cutting 
straight bevel gears 


Two-tool generators are used for both 
rough and finish cutting. When warranted 
by production quantities, roughing is done 
in separate machines, which are the same as 
the generators except that the machines 
used only for roughing have no generating 
roll. For small production quantities, both 
roughing and finishing cuts are made in the 
generators, the roughing cut being made 
without generating roll. 

To make the machine setup for producing 
a gear that will operate at right angles to its 
mating gear, the operator must have the 
gear specifications and one calculated ma- 
chine setting called the tooth angle (Fig. 25). 
The remaining setup data are taken from 
tables furnished with the machine. When 
the shaft angle of the two gears is not a right 
angle, the ratio of roll, as well as the data 
required for checking the roll, must be 
calculated. 

Most two-tool generators can produce 
straight bevel gears with teeth crowned 
lengthwise to localize tooth contact. 
Crowned teeth are produced by means of 
two angularly adjustable guides on the back 
of each slide. The guides ride on a pair of 
fixed rollers (Fig. 26). When the guides are 
in line with each other, the tool stroke is a 
straight line, and when they are out of line, 
the tool is stroked along a curved path. The 
amount of curvature is controlled by setting 
the two guides. A table with each machine 
lists the guide settings for making the tooth 
contact approximately one-half the face 
width. The machine settings can be varied 
to shorten or lengthen the tooth contact. 

Planing generators are unique because 
they can cut both straight-tooth and curved- 
tooth bevel gears. However, the use of 
planing generators is ordinarily restricted to 
cutting gears about 889 mm (35 in.) in diam- 
eter or larger or to diametral pitch coarser 
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generators 


than 1/4. Standard machines can generate 
straight, Zerol, and spiral bevel gears. Spe- 
cial heads can be added to standard ma- 
chines to permit the cutting of hypoid gears. 

Tools have straight cutting edges and are 
mounted on a reciprocating slide that is 
carried on the face of the cradle and con- 
nected to a rotating crank by a connecting 
rod (Fig. 27). Tooth profiles are made by 
rolling the work with the generating gear. 
The lengthwise shape of the tceth is formed 
by a combination of three motions: 







* Stroke of the tool 

* Continuous, uniform rotation of the work 

* An angular oscillation of the work pro- 
duced by the eccentric shown in Fig. 27 


The eccentric motion modifies the effect 
that the first two motions have on the shape 
of the teeth. The eccentric is timed for the 
correct tooth relief. 

The spiral angle of the teeth is controlled 
by the angular offset of the tool slide from 
the angle of the cradle axis. Continuous 
rotation of the work is principally for index- 
ing. In effect, the tool makes a cut on all 
teeth in succession in one generating posi- 
tion, and then the cradle and the work roll 
together a slight distance before another cut 
is taken on all teeth in the new generating 
position. Actually, however, rolling is con- 
tinuous and occurs gradually until all teeth 
are completely generated in the last pass 
around the gear. 

Several passes are required to complete a 
gear, the number depending on tooth depth 
and shape. Flat gear blanks are usually 
roughed without a roll, first using a corru- 
gated tool and then using a single cut with a 
V-roughing tool. This is followed by at least 
two side-cutting operations on each side of 
the tooth, including generating cuts with 
roll. A similar sequence is used for cutting 
pinions except that roughing is done with 
roll. 

Tools for use in planing generators are 
simple and inexpensive. Corrugated tools 
are furnished with a 147^ pressure angle, 
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Fig. 27 Components of a planing generator 


regardless of the pressure angle of the gear 
being cut, but point width and depth of cut 
must be specified when the tools are or- 
dered. The operator must know the specifi- 
cations for the gear being cul. A table of 
settings for specific requirements is sup- 
plied with the machine. 


Selection of 
Machining Process 


Each gear cutting process discussed in 
the preceding sections has a field of appli- 
cation to which it is best adapted. These 
fields overlap, however, so that many gears 
can be produced satisfactorily by two or 
more processes. In such cases, the avail- 
ability of equipment often determines which 
machining process will be used. 

The type of gear being machined (spur. 
helical, bevel, or other) is usually the major 
factor in the selection of machining process, 
although one or more of the following fac- 
tors usually must be considered in the final 
choice of the method: 


* Size of the gear 

* Configuration of integral sections (flanges 
or other) 

* Quantity requirements 

* Accuracy requirements 

* Gear-to-pinion ratio 

* Cost 

The following sections consider the type of 

gear as the major variable and discuss the 

machining methods best suited to specific 

conditions. 


Machining of Spur Gears 

Milling, shear cutting, hobbing, and shap- 
ing are the methods most commonly used 
for cutting teeth in spur gears. 

Form milling, with the cutter ground to 
the desired shape of the tooth space (Fig. 
12). is a simple means of cutting teeth in 
spur gears. Tooling cost is low, and the 
process requires only a conventional milling 
machine, a form cutter, and an indexing 
mechanism. Except for low-quality produc- 
tion, milling is seldom used for cutting spur 





gears. The main disadvantage in the form 
milling of spur gears is the lack of accuracy 
in tooth spacing, which depends on the 
accuracy of the indexing mechanism. In 
addition, form milling is much slower than 
shear cutting or hobbing. 

One milling cutter is not universal for all 
numbers of teeth, as are hobs and shaper 
cutters. To produce theoretically correct 
gear teeth, the tooth form of the cutter must 
be designed for the exact number of teeth. 
However, if a small departure in tooth form 
is acceptable, cutters have been standard- 
ized for a range of teeth, the form being 
correct for the lowest number of teeth in 
that particular range. Thus, all teeth within 
the range are provided with sufficient tip 
relicf. The same form is produced in all 
tooth spaces within that range. For reason- 
ably accurate gear cutting, eight standard 
involute gear cutters are required to cut all 
sizes of gears of a given pitch: 
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Ifa more accurate tooth form is desired 
for gears near the higher part of the ranges, 
seven half-number cutters can be ob- 
tained. A No. lV» cutter, for example. 
will cut gears with 80 to 134 teeth; a No. 
2% cutter, 42 to 54 teeth; and a No. 3⁄2 
cutter. 30 to 34 teeth. For still greater 
accuracy. cutters of the proper shape for 
an exact number of teeth can be furnished 
by most tool manufacturers on short no- 
ticc. 

The tooth form of a single cutter is cen- 
tered with the gear axis so that a symmet- 
rical tooth space is produced. By the use of 
gang cutters, portions of adjacent tooth 
spaces can be rough machined simultane- 
ously. Normally, a roughing and a finishing 
cutter are ganged, the finishing cutter being 
centered with the gear axis. Gang cutters 
and multiple-tooth cutters are specially de- 
signed for the specific application. 

Shear cutting is faster and more accurate 
than milling for cutting teeth of almost any 
involute modification in spur gears, Total 
cutting time is often less than | min for 
gears up to about 152 mm (6 in.) in diame- 
ter. However. tooling cost is high, and 
shear cutting is therefore practical only for 
large-scale production. 

Hobbing is the process most widely used 
for cutting teeth in spur gears, usually for 
one or more of the following reasons: 











ө High accuracy in a wide range of ge: 
€ Flexibility in quantity production 


* Low cost 
* Adaptability to work metals having high- 
er-than-normal hardness 


The shape of the workpiece sometimes 
limits the use of hobbing—for example, if 
the teeth to be cut are close to another 
portion of the workpiece having a diameter 
larger than the root diameter of the gear. 
The axial distance between the two sections 
must be large enough to allow for hob 
overtravel at the end of the cut. This over- 
travel is about one-half the hob diameter. 
The clearance required between the gear 
being cut and any flange or other projecting. 
portion of the workpiece is, therefore, 
about one-half the hob diameter plus addi- 
tional clearance to allow for the hob thread 
angle. 

In many cases, it is necessary to cut teeth 
on heat-treated gear blanks to avoid the 
difficulties caused by distortion in heat 
treating. Hobbing is especially suitable for 
cutting gear teeth in hardened steel (some- 
times as hard as 48 HRC). Although hob 
wear increases rapidly as workpiece hard- 
ness increases, normal practice should pro- 
duce an acceptable number of parts per hob 
sharpening. Success in hobbing gears at 
high hardness depends greatly on maintain- 
ing minimum backlash in the machine and 
on rigid mounting of both the hob and the 
workpiece. 

The ability to cut teeth in two or more 
identical spur gears in one setup can also 
justify use of the hobbing method. Inexpen- 
sive fixturing is often utilized for cutting 
two or more gears at one time when the 
ratio of face width to pitch diameter is 
small. 

Shaping can produce high accuracy in 
cutting spur gears because shaping is a 
generating process. Although seldom as fast 
as hobbing, shaping is used for a wide range 
of production quantities. Many types of 
gears can be produced to requirements by 
either shaping or hobbing, and the availabil- 
ity of equipment determines which of the 
two processes is used. However, if the 
workpiece configuration cannot be hobbed, 
shaping is often the only practical method. 

Cutting of teeth in cluster gears that must 
mect close tolerances is sometimes a prob- 
lem because the method used must fre- 
quently be restricted to shaping and shav- 
ing. The same quality requirements cannot 
be met by shaping and shaving as by hob- 
bing and grinding. When tolerances for clus- 
ter gears are closer than can be met by 
shaping and shaving, a corrective procedure 
sometimes must be employed. A cluster 
gear can be hobbed to greater precision by 
separating it into a two-piece assembly that 
is rigidly attached using threaded fasteners. 


Machining of Helical Gears 
Milling, hobbing, shaping, and rack cut- 
ting are methods most used for producing 





teeth in helical gears. Rack cutting is most 
often used for large gears. Identical machin- 
ing methods are applicable to conventional 
helical and crossed-axes helical gears. 

Milling is used less than any other meth- 
Od because of the difficulty in obtaining 
accuracy and productivity. However, for 
some low production requirements, milling 
is the most satisfactory method because the 
tooling cost is low. In low-volume produc- 
tion, milling is sometimes used for roughing 
only, and the gear is finished by hobbing or 
shaping. 

The milling of helical gears usually re- 
quires cutters specially designed for the 
specific gear. In milling helical teeth, the 
cutter travels along the helix angle of the 
gear. At this setting, the cutter axis of 
rotation is in the normal plane through the 
center of the gear tooth space. Under these 
conditions, only one point on the finished 
profile is produced in this normal plane. All 
the others are produced in different planes. 
Therefore, the form of the cutter teeth is not 
reproduced in the gear. In addition to the 
setting angle, the diameter of the cutter 
affects the gear tooth form and must be 
considered in designing the cutter. 

Hobbing is extensively used for generat- 
ing the teeth of helical gears for any produc- 
tion volume. With the exception mentioned 
below, procedures for hobbing helical gears 
are the same as those for spur gears: When 
hobbing spur gears with a single-thread hob, 
the blank rotates one tooth space for each 
rotation of the hob, the rotation being syn- 
chronized by means of change gears. When 
hobbing helical gears, the rotation of the 
work is retarded or advanced, through the 
action of the machine differential, in rela- 
tion to the rotation of the hob, and the feed 
is also held in definite relation to the work 
and the hob. The decision to advance or 
retard the workpiece rotation depends 
mainly on whether the hob is a right-hand or 
left-hand type or whether the helix angle is 
of right-hand or left-hand configuration. 
The amount by which the workpiece is 
retarded or advanced depends on the helix 
angle. In medium-to-high production, it is 
common to use fixtures that allow hobbing 
of two or more identical gears in one loading 
of the machine. 

Gears with integral shanks can usually be 
hobbed without difficulty. The shanks can 
assist in fixturing and handling for loading 
and unloading. When warranted by high- 
volume production, hobbing can be done in 
automatic machines utilizing automatic un- 
loading and loading. 

Although hob life decreases as workpiece 
hardness increases, helical gears of hard- 
ness as high as 48 HRC are sometimes 
hobbed. When hardnesses of 48 HRC or 
lower can be tolerated, the sequence of 
rough hobbing, heat treating, and finish 
hobbing is likely to cost less than grinding 
after heat treatment. 
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Shaping is a practical process for gener- 
ating teeth of helical gears having helix 
angles up to 45°. The only difference be- 
tween shaping helical gears and spur gears 
is that the machines used for cutting helical 
gears must impart additional rotary motion 
to the cutter spindle as it reciprocates. The 
amount of rotation per stroke is controlled 
by a helix guide, The lead of the guide must 
be the same as the lead of the cutter. 

Workpiece configuration is often the 
main factor in the selection of shaping as a 
process for cutting helical gears. For exam- 
ple, rotary cutters such as hobs cannot be 
used when the teeth being cut are too close 
1o the flange. 


Machining of 
Herringbone Gears 

Milling, hobbing, and shaping are the 
methods most often used for cutting her- 
ringbone gears. Selection of method de- 
pends largely on whether the gear is de- 
signed with a gap between the two helixes 
or whether the herringbone is continuous. 

Rotary cutters such as form milling cut- 
ters and hobs can be used to cut herring- 
bone teeth only when there is a gap wide 
enough to permit cutter runout between the 
right-hand and left-hand helixes. Hobbing 
machines have been built that can cut her- 
ringbone teeth in gears up to 5590 mm (220 
in.) in diameter. 

End milling can also be used for machin- 
ing tecth in herringbone gears, regardless of 
whether the gears have center slots, The 
end mills for cutting herringbone gears are 
used in special machines. Many large-diam- 
eter herringbone gears are cut by end mill- 
ing. 

Shaping is also a suitable method for 
cutting teeth on herringbone gears; those 
designed with a center slot as well as the 
continuous herringbone can be shaped. The 
type of shaper used for cutting herringbone 
gears is similar in principle to the type used 
for helical gears, except that for herring- 
bone gears two cutters, one for each helix, 
are operated simultaneously. Both cutters 
reciprocate, one cutting in one direction to 
the center of the gear blank and the other 
cutting to the same point from the opposite 
direction when the motion is reversed. The 
cutters not only reciprocate, but also rotate. 
Both the gear blank and the cutters turn 
slowly, thus generating the teeth the same 
way as in a conventional shaper. 





Machining of Internal Gears 

Broaching, shear cutting, and shaping are 
the methods most frequently used for cut- 
ting internal parts. Milling is seldom used, 
except for some very large gears. 

The broaching of internal spur gear teeth 
is restricted to workpieces having configu- 
rations that permit the broach to pass com- 
pletely through the piece. The action of a 
broach in cutting internal gear teeth is 
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shown in Fig. 13. The broaching of gear 
teeth, which is similar to other types of 
broaching, is discussed in the section 
"'Broaching" in this article. Broaching is an 
extremely fast and accurate means of ma- 
chining internal gear teeth, but tooling cost 
is high; therefore, broaching is practical 
only for high-volume production. 

Shear cutting is applicable to internal 
gear teeth. The principle involved is essen- 
tially the same as that illustrated in Fig. 14 
for cutting external spur gears, except that 
the cutting edges and direction of radial feed 
are reversed. Unlike broaching, shear cut- 
ting is not restricted to parts where the tool 
must pass completely through the piece. 
Shear cutting can be used with no more than 
а 3.2 mm (4 in.) relief groove between the 
end of the cut and a shoulder. Because 
tooling cost is high for shear cutting, the 
process is practical only for high-volume 
production, 

Shaping is applicable to cutting internal 
gear teeth. Tooling cost is lower than that 
for broaching and shear cutting; therefore, 
shaping is applicable to low-volume produc- 
tion. Shaping is less restricted to specific 
configurations than broaching is, because 
gear teeth can be cut to within 3.2 mm (% 
in.) of a shoulder; however, for adequate 
chip clearance and to avoid the danger of 
striking the shoulder. it is better to have 
ample clearance. Shaping is often the only 
practical method for cutting teeth in large 
internal gears because the cost of large 
broaches or shear cutting tools is prohibi- 
tive. 





Machining of Worms 

Several types of worms are used for pow- 
er transmission, among them the double- 
enveloping type (Fig. 7), also known as the 
hour-glass worm because of its shape. Mill- 
ing, hobbing, and shaping are used to ma- 
chine the various types of worms. 

Milling. For double-thread worms of low 
lead angle and commercial accuracy, a du- 
plex cutter can be used. Each milling cutter 
is specially designed for cutting a specific 
worm. Another technique for machining 
worms utilizes the multiple-thread cutter. 
The cutter is set with its axis parallel to the 
work axis and is fed to depth. The work 
then makes one revolution for completion. 
The infeed can be made automatic. and 
because no indexing is required, this meth- 
od is adaptable to volume production. 

Hobbing produces the highest-grade 
worm at the lowest machining cost, but 
hobbing can be used only when production 
quantities are large enough to justify the 
tooling cost. Because of the large helix 
angle at which most worm hobs operate, the 
teeth at the entering end are chamfered to 
reduce the cutting load. Hobs for cutting 
worms are made to the same tolerance 
standards as those for cutting spur gears. 
When it is necessary to increase the hob 
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diameter to provide more flutes, the toler- 
ances are increased proportionately. The 
number of flutes in a worm hob is increased 
to improve surface finish. because the 
greater the number of flutes, the smaller the 
feed marks. 

Shaping. Worms can also be generated 
by a shaper-cutter. In this technique, a 
helical gear cutter is used in a special ma- 
chine similar to a hobber. Both the work 
and the cutter rotate, and the cutter is rolled 
axially along the worm, providing true gen- 
erating action (Fig. 18). 


Machining of Racks 

Milling and shaping are used to cut teeth 
in spur and helical racks. 

Milling can be used to produce teeth in 
both spur and helical racks. The milling 
cutter must have the exact tooth space 
form. Racks can be cut any standard 
milling machine; requirements are e: 
ly the same as those for a convei 
milling operation, and the rack to be cut 
must be rigidly clamped. Either manual or 
automatic indexing mechanisms are avail- 
able for milling all sizes of racks in high- 
volume production. 

The shaping of spur and helical racks 
involves the rolling action of the operating 
pitch circle of the generating shaper-cutter 
along the corresponding pitch line of the 
rack. In cutting racks on a gear shaper, the 
machine is equipped with a special fixture 
to hold the work. Several arrangements 
are used for imparting a transverse index- 
ing movement to the member carrying the 
rack. One method employs a face gear 
secured on the work spindle that meshes 
with a pinion. The latter, by means of 
change gears, drives a lead screw. which 
operates the slide carrying the rack. An- 
other method is to attach a pinion to the 
work spindle, which meshes a master 
rack attached directly to the slide carrying 
the rack being cut. The first method is 
necessary when high ratios are involved in 
the drive; the second method needs only 
the regular work change gears. 


Machining of Bevel Gears 

Face mill cutting, face hob cutting, For- 
mate cutting, Helixform cutting, the Cyclex 
method, interlocking cutters, Revacycle, 
two-tool generators, planing generators, 
and template machining are used to cut 
teeth in straight and spiral bevel gears. The 
fundamentals of these processes are dis- 
cussed in the section “Processes for Bevel 
Gears" in this article. Choice of method 
depends mainly on the type of gear being 
cut (straight or spiral bevel), size, config- 
uration, accuracy requirements, and pro- 
duction quantities. 

Template machining and planing in a gear 
generator are more often used for cutting 
teeth in gears larger than 813 mm (32 in.) 
outside diameter. 














Straight Bevel Gears. The two-tool gen- 
erator is widely used for cutting straight bevel 
gears and is especially well adapted to the 
cutting of gears in a wide range of sizes (up to 
about 889 mm, or 35 in., outside diameter) in 
low-to-medium production quantities because 
tool cost is low. Two-tool generating is also. 
adaptable to the cutting of gears that have 
protruding portions (such as front hubs) that 
preclude the use of some processes. 

Interlocking cutters provide a means of 
completing straight bevel gears in one oper- 
ation. The interlocking-cutter method is 
faster than two-tool generating, but more 
costly. Gears without front hubs and less 
than 406 mm (16 in.) in outside diameter are 
best adapted to machining with interlocking 
cutters. 

The Revacycle process is the fastest 
method for cutting straight bevel gears, 
Gear teeth are often completed at the rate of 
1.8 s per tooth. This method was primarily 
designed for cutting gears having up to 254 
mm (10 in.) pitch diameter at 4:1 ratio with 
the pinion and having a maximum face 
width of 29 mm (1% in.). In the Revacycle 
method, the cutter must have an uninter- 
rupted path; therefore, the process cannot 
cut gears that have front hubs. Because of 
the high tooling cost, Revacycle cutting is 
economical only for high-volume produc- 
tion. 

Cost Versus Quantity (Straight Bevel 
Gears). The two-tool generator, because it 
has the lowest tooling cost, is the most 
economical method for producing up to 
approximately 150 pairs of gears, at which 
point the two-tool generator and interlock- 
ing-cutter methods are equivalent. For large 
production runs, the two-tool generating 
method becomes prohibitively expensive. 
The Revacycle and interlocking-cutter 
methods are equivalent in cost at about 1200 
pairs of gears, beyond which the Revacycle 
method is cheaper. 

Spiral Bevel Gears. Spiral, Zerol, and 
hypoid bevel gears (Fig. 9) are cut in the 
same type of equipment and by the same 
general procedures. (Hypoid gears are by 
far the most numerous, being used in quan- 
tities exceeding those of spiral and Zerol 
gears combined.) Pinions are generally cut 
by some type of generator. Gears may or 
may not be cut in generators. When the 
-pinion ratio is greater than about 
«it is common practice to cut the gears 
without generating roll. Therefore, the For- 
mate completing, Formate single-cycle, He- 
lixform, and Cyclex methods are extensive- 
ly used for cutting spiral bevel gears having 
a ratio of 2.5:1 or greater. 

Nongenerated gears are less expensive 
than their generated counterparts, although 
there is a smaller difference in cost between 
the various methods for cutting spiral bevel 
gears (of less than 813 mm, or 32 in., in 
outside diameter) than between the various 
methods for cutting straight bevel gears. 























Machining of Large Gears 


There is no one dimension that defines a 
large or a small gear. As various sizes are 
reached, some methods of manufacture be- 
come impractical, and other methods must 
be used. 

Herringbone Gears. The same conditions 
previously discussed in the section "Ma- 
chining of Herringbone Gears" in this arti- 
cle also apply to the machining of large 
herringbone gear components. 

Spur and Helical Gears. Milling, hob- 
bing. and rack cutting are the methods most 
commonly used for cutting large spur and 
helical gears. 

Milling is the least expensive and the 
least accurate of these three methods; 
therefore, the accuracy required in the gear 
will determine whether or not milling can be 
used. 

Hobbing is more costly than milling, but 
produces more accurate gears. Hobs are 
available for cutting gears well over 2540 
mm (100 in.) in outside diameter, provided 
the diametral pitch is finer than 1. Because 
of the size of the hob required and the 
limitations of hobbing machines, it is diffi- 
cult to hob gears of 1 diametral pitch and 
coarser, 

Once it has been decided that hobbing 
Will be used, it must be determined whether 
a ground hob will be required or whether an 
unground hob will provide the required de- 
gree of accuracy. The two types vary great- 
ly in cost. However, if a ground hob is 
selected, extreme care must be used in 
resharpening: if this is not done, the original 
accuracy will not be maintained. and errors 
may occur in the gear tooth form. 

Rack Cutting. For machining large gears 
that have large teeth (coarser than | diame- 
tral pitch), rack cutting (Fig. 28) is usually 
the most practical method. Rack cutting 
may be less expensive than hobbing, even 
when teeth are finer than | diametral pitch. 

Bevel Gears. Face milling and face hob- 
bing, two-tool generating, and planing gen- 
erating are the methods most commonly 
used for cutting large straight and spiral 
bevel gears. 

Large face mill generators that can cut 
gears up to 2540 mm (100 in.) in outside 
diameter are the fastest and most accurate 
machines for cutting large bevel gears. 

Two-tool generators offer a practical 
means for cutting straight bevel gears having 
diameters up to about 889 mm (35 in.), face 
widths up to 152 mm (6 in.), and teeth as 
coarse as | diametral pitch. Tooling cost for 
the two-tool generating method is also low. 

Planing generators can be used for cut- 
ting straight bevel gears, but they are most 
widely used for cutting spiral bevel gears 
ranging from 889 to 1830 mm (35 to 72 in.) in 
outside diameter, with up to 254 mm (10 in.) 
face width and teeth as coarse as Y4 diame- 
tral pitch. 
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28 Reck-type cutter generating the teeth of a 
spur gear 


Shaving of Spur 
and Helical Gears 

Gear shaving is a finishing operation that 
removes small amounts of metal from the 
flanks of gear teeth. It is not intended to 
salvage gears that have been carelessly cut, 
although it can correct small errors in tooth 
spacing, helix angle, tooth profile, and con- 
centricity. Shaving improves the finish on 
tooth surfaces and can eliminate tooth-end 
load concentration, reduce gear noise, and 
increase load-carrying capaci Shaving 
has been successfully used in finishing gears 
of diametral pitches from 180 to 2. Standard 
machines and cutters are available for shav- 
ing gears that range in size from 6.4 to 5590 
mm (М to 220 in.) pitch diameter. 

Leaving excessive stock for shaving will 
impair the final quality of the shaved gear. 
For maximum accuracy in the shaved gear 
and maximum cutter life, a minimum of 
stock should be allowed for removal by 
shaving; the amount depends largely on 
pitch. As little as 0.008 to 0.025 mm (0.0003 
to 0.001 in.) of stock should be left on gears 
having diametral pitch as fine as 48; 0.08 to. 
0.13 mm (0.003 to 0.005 in.) is allowable for 
gears having diametral pitch of 2. 

Operating Principles. The shaving oper- 
ation is done with cutter and gear at crossed 
axes; helical cutters are used for spur gears, 
and vice versa. The action between gear 
and cutter is a combination of rolling and 
sliding. Vertical serrations in the cutter 
teeth take fine cuts from the profiles of the 
gear teeth. 

During operation, the tip of the shaving 
cutter must not contact the root fillet, or 
uncontrolled, inaccurate involute profiles 
will result. For gears to be shaved, protu- 
berance-type hobs that provide a small un- 
dercut at the flank of the tooth may be 
preferred. This type of hob avoids the initial 
tip loading of the shaving cutter. 

Shaving Cutters. A typical rotary gear- 
shaving cutter is shown in Fig. 29(b). This 
cutter is serrated on the profile to form the 
cutting edges. The depth of the serrations 
governs total cutter life in terms of the 
number of sharpenings permitted. A shav- 
ing cutter is sharpened by regrinding the 
tooth profiles, thus reducing the tooth thick- 
ness. This causes a reduction in operating 
center distance for the same backlash and in 
turn changes the operating pressure angle. 
These changes are compensated for by a 
change in addendum after resharpening. 
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Tolerance is an important consideration in 
original purchase and resharpening. Shav- 
ing cutters are manufactured to standard- 
ized tolerances, not unlike those of master 
gears. For example, cumulative tooth spac- 
ing error can be held to 0.008 mm (0.0003 
in.) and profile to 0.00064 mm (0.000025 
in.). Because the engineering and facilities 
necessary to produce such accuracy are not 
available in most gear manufacturing plants, 
cutters are ordinarily returned to a tool 
manufacturer for resharpening. 

Shaving Methods. Shaving is done by 
two basic methods: rack and rotary. 

In rack shaving. the rack is reciprocated 
under the gear, and infeed takes place at the 
end of each stroke. Because racks longer 
than 508 mm (20 in.) are impractical, 152 
mm (6 in.) is the maximum diameter of gear 
that can be shaved by the rack method. 

Rotary Shaving. The several applications 
of rotary shaving include underpass, modi- 
fied underpass, transverse, axial traverse, 
and angular traverse. Crown shaving can be 
incorporated in all of these modifications. 

In rotary shaving, the cutter has the 
approximate form of a gear (Fig. 29). The 
size of gear that can be shaved is limited 
by the machine rather than by the cutter. 
Rotary shaving can be any of three types: 
underpass, modified underpass, and trans- 
verse. 

Underpass shaving is used on cluster 
gears or gears with shoulders. To avoid 
interference with the adjacent gear or shoul- 
der, the cross-axes angle is usually 4 to 6°. 
The face of the tool must be wider than the 
face of the shaved gear. Because underpass 
shaving is a one-cycle, short-stroke pro- 
cess, it is the fastest method of shaving. 
Disadvantages include relatively short tool 
life and light stock removal, thus requiring 
precise size control of the preshaved gear. 

Modified underpass shaving is the most 
widely used method because it is a rapid 
one-cycle process. Tool cost is moderate 
because the cutter need be no wider than 
the gear and may be narrower. The high 
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Table 2 Feeds and speeds for the shaving of carbon and low-alloy steel gears with high-speed steel tools 






































Feed per. 
Gear tooth size revolution of. Cutter. High-speed 
Hardness, Diametral eearia) pitch fine speed steel toal material 
Material нв Condition. Module pitch mm im. mmm Ма 0 AISI 
Wrought free-machining carbon steels 
Low-carbon resulfurized 100-150 Hot rolled or annealed 25 1-4 93 0.012 185 610 54, 52 M2. M7 
116 119 5-3 5-10 92 0.008 
117 pu 2-15 и-9 0.12 0.005 
Тик mma Гапа finer 20 апд finer 0.07 000 
150-200 Cold drawn 25-6 1-4 03 0.012 205 675 54. 52 М2. М7 
33 5-10 0.2 0.008 
245 11-19 0.12 0.005 
1 and finer 20 and finer 0.07 0.003 
Medium-carbon resulfurized 175-225 Hot rolled, normalized, 14 03 oo 150 з 5.52 М2, MT 
1132 1144 annealed, or cold drawn 5-10 0.2 0.008 
1137 1145 11-19 0.12 0.008 
и» 1146 20nd finer 007 0.003 
1140 1151 325-375 Quenched and tempered 1-4 93 0.012 ва 275 $4, 82 M2, M7 
n 510 02 ов 
11-19 0.2 0.005 
20 and finer. 0.07 0.003 
Low-carbon leaded 100-150 Hot rolled, normalized, 1-4 оз — 002 25 70 5.52  MALMT 
12113 annealed, or cold drawn 5-0 о2 0.008 
DLM 11-19 02 0.008 
DLIS 20 and finer 0.07 0.003 
200-250 Hot rolled, normalized, 14 03 0.012 IBS 600 54.52 М2, М7 
annealed, or cold drawn 5-10 02 0.008. 
11-19 012 0.005 
Land finer 20 апи finer 007 0003 
Wrought carbon steels 
Low carbon Hot rolled, normalized, 25-6 [27 o3 0.012 160 525 54.520 ММ? 
1005 1015 1023 annealed, ог cold drawn 53 5-10 02 оо 
1006 — 1016 1025 2-1.5 11-19 012 0.005 
loos 1017 1026 Land finer 20.and finer 0.07 0003 
1009 108 1029 225-275 Annealed or cold drawn 25-6 14 03 0.012 "s 375 M2. м7 
1010 1019 1513 33 5-10 02 0008 
юп — 1020 1518 2-15 11-19 012 — 0.005 
1012 021 1522 tand finer 20 апа finer 0.07 0.003 
їз 1022 
Medium carbon 125-175 — Hot rolled. normalized. 25-6 14 03 0.012 DS — 450 54,52 М2. M7 
1030 — 1042 1083 1541 annealed, or cold drawn E 5-10 o2 008 
1033 1043 1055 1547 2-1.5 11-19 0.12 0005 
1035 1044 1524 — 1548 Land finer 20nd finer 007 0.003 
1037 1045 — 1525 15% 325-375 Quenched and tempered 25-6 14 03 0.012 вм 25 55 M3 
1038 — 1046 1526 1%? E 5-10 02 0.008 
1039 1049 1527 2-1.5 11-19 012 000% 
1040 1080 1536 fandfiner — 20undfiner 007 — 0.03 
Wrought free-machining alloy steels 
Medium-carbon resulfurized 150-200 — Hot rolled, normalized, 25-6 14 o3 оо? 150 50 54,52 M2. M7 
4140 41458e annealed, or cold drawn E 5-10 о2 0008 
4140Se 4147Те 2-1.5 11-19 02 0.008 
4142Te — 4150 landfiner — 20andfiner 007 0003 
325-375 Quenched and tempered 25-6 14 оз 0.012 % 250 55 БЫ 
5-3 5-10 02 0008 
2-15 11-19 0.12 0.005 
land finer — 20andfiner 0.07 0.003 
Medium- and high-carbon leaded 180-20 Hot rolled. normalized. 4 оз 002 16 55 54520 ММ? 
AIL30 41150 86L20 annealed, or cold drawn 5-10 02 0.008 
41140 437140 86140 2 11-19 0.12 0.005 
AMÁS 5132 Land finer 20 алд finer 0.07 0003 
41L47 521100 325-375 Quenched and tempered 25-6 m 03 — 0012 вв 275 55 M3 
$3 5-0 02 0.008 
I-19 012 0.005 
Wand finer 007 0.003 
Wrought alloy steels 
Low carbon 125-175 Ног rolled, annealed, or 256 1-4 o3 бо? мз 475 54.52 ММ? 
4012 4615 4817 8617 cold drawn 5-3 5-10 0.2 0.008. 
4003 дыт аюб 8620 21S I-19 0.12 0.005 
4024 4620 5015 8622 1 and finer 20 and finer 0.07 0.003 
418 4621 515 8822 325-375 Normalized or quenched 25-6 03 — 0002 % 250 85 M3 
4320 4718 5120 9310 and tempered 5-3 0.2 0.008 
4419 4720 6118 94В15 24.5 9.12 0.005 
4422 4815 8115 94817 1 and finer. 20 and finer 0.07 9.003 


(a) Feed recommendations apply to conventional (axial-transverse] gear shaving. Feeds should be increased 100%% for gears shaved by the diagonal (angular-ransverse! method. Source: Metcut Reseirch 


Associates Inc. 
(continued) 
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Feed per 
Gear tooth size revolution of Cutter. High-speed 
Hardness, Diametral peara) pitch line speed steel luo] muterial 
Material нв Condition Module pitch mm in. mimin чт Iso AISI 
Medium carbon 175-225 Hot rolled. annealed, or 25-6 m 0.012 120 40 54.587 M2, M7 
130 — 4145 5130 8640 cold drawn 5-3 5-10 0.008 
1335 — 447 5135 RON L5 11-19 0.005 
1340 — 4150 5140 8645 Гапа бпег 20 and finer 0.003 
1345 4161 5145 6845 225-375 Normalized or quenched 0.012 69 25 55 M3 
407 — 440 5147 8650 and tempered 0.008 
4028 4407 ч зб $405 
4032 4626 5155 8660 0.003 
4087 50840 5160 8740 
40420 50844  SIB60 8742 
4047 5046 6150 9254 
4130 50846 %1В45 9255 
435 50850 8625 5260 
47 5060 — 8627 94830 
4140 50860 8630 
4142 5130 8637 
(a) Feed recommendations apply to conventional avial-transverse! gear shaving. Feeds should be increased 1007 for gears shaved by the diagonal (ungular-transverse) method. Source: Metcut Research 


Associates Inc. 





cross-axes angle of 30 to 60° promotes rapid 
stock removal and smoother surface finish. 

Transverse shaving is the slowest shaving 
method because multiple passes are re- 
quired. It is a method of handling gears 
much wider than the cutter: therefore. cut- 
ter cost is moderate for gears with wide 
faces. 

Crown shaving is used to relieve load 
concentration at the ends of gear teeth 
caused by the misalignment of axes in op- 
eration. Crowning is a modification of the 
tooth profile in both the radial and axial 
planes. In the axial traverse method of 
shaping. crowning is done by rocking the 
worktable as it is reciprocated. In the high- 
er-production angular traverse method, the 
cutter is modified to provide crowning. The 
amount of crown varies, but usually 0.0003 
to 0.0005 mm/mm (0.0003 to 0.0005 in./in.) 
of face width is sufficient. 

Speed and Feed. Although cutting 
speeds are always high. the optimum speed 
of rotation for gear shaving varies consider- 
ably with work metal hardness and compo- 
sition. Speeds and feeds for several steels 
and hardness ranges are given in Table 2. 


Honing and Lapping of Gears 

The teeth of hardened steel gears arc 
sometimes honed to remove nicks and 
burrs, to improve finish, and to make minor 
corrections in tooth shape. This process is 
discussed in the article "'Honing" in this 
Volume. 

Lapping is sometimes required for sets of 
hardened steel gears that must run quietly. 
Lapping is discussed in the article so titled 
in this Volume. 





Cutter Material 
and Construction 
High-speed tool steel is used almost ex- 


clusively as the material for cutting edges of 
gear cutting tools. The steels most widely 


used are the general-purpose grades such as 
M2 or M7. Grade M3 (higher in carbon and 
vanadium than general-purpose grades) is 
also used in many gear cutting applications 
and is often preferred to M2 and M7 for 
cutting quenched and tempered alloy steels. 
The more highly alloyed grades of high- 
speed tool steel such as TIS or M30 are 
recommended only for conditions where 
greater red hardness is necessary. Such 
conditions include hard work metal, inade- 
quate supply of cutting fluid, or high cutting 
speeds. Cutters are made from these highly 
alloyed grades only when the general-pur- 
pose grades (or M3) have proved inade- 
quate. 

Carbide cutters are used to hand finish 
gears cut by the face mill and face hob 
methods when small quantities of high-qual- 
ity parts are needed. For most applications, 
carbide cutters are not economical. Howev- 
er, one application in which thev are a 
cost-effective tool is the Tangear generator 
method. 

Tangear Generator. Single-point ce- 
mented carbide cutting tools are rotated in 
opposite directions on the peripheries of 
two cutter heads with horizontal and paral- 
lel axes on the Tangear gencrator as shown 
in Fig. 30. The workpiece, with its axis 
vertical, is rotated as it is fed horizontally 
(typically a short distance of 8 mm, or е 
in.) between the cutter heads. The motions 
are synchronized so that the cutters act as 
though in mesh with the gear and progres- 
sively generate the teeth and form cut the 
root fillets. The teeth are rough cut as the 
gear moves to the cutters and are finish cut 
on the back stroke. The relationship set 
between workpiece and cutter head veloci- 
ties determines the helix angle. 

Conventional and crowned helical gears 
can be cut with diameters from 19 to 102 
mm (¥% to 4 in.), face widths up to 25 mm (1 
in.), and helix angles from 10 to 40°. Gears 

an be generated at the rate of about 600 per 

















hour, six to ten times as fast as hobbing. 
The time required for changing cutting tools 
is about 30 min, but this needs to be done 
only every 30 to 50 h. Although fast. the 
process is applicable only for the large- 
quantity production of a limited variety of 
gears. 

Construction. Most reciprocating tools 
such as those used in gear shaping and 
planing operations are made of solid high- 
speed tool steel. Rotary cutters (hobs and 
milling cutters) for spur and helical gears 
can be either solid or inserted blade. Econ- 
omy is the governing factor; the two meth- 
ods of construction are equally satisfactory 
in terms of producing acceptable gears. 
Cutters less than about 75 mm (3 in.) in 
diameter are invariably solid. As cutters 
increase in size, the practice of using high- 
speed tool steel cutting edges (blades) as 
inserts in alloy steel bodies is usually more 





Workpiece fed in 
and then out horizontally 
while it revolves 
Carbide 
cutter inserts 


Carbide cutter inserts 





Y 
Cutter head 
revolves 


Cutter head 
revolves 


i Schematic of operation of the Tangear 
Fig. 30 gor ener 
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Direction of travel. 

















1 Method of operation of a G-Trac geor 
Fig. 31 juo 


economical. Inserts are normally held by 
mechanical fasteners. 

Rotary cutters (face mill, rotary broach. 
and other) for bevel gears are usually de- 
signed to use inserts. In rotary cutters, feed 
rate is a direct function of the number of 
cutting faces. Therefore, it is desirable to 
have as many cutting edges as possible to 
increase the amount of metal removed dur- 
ing each revolution. However, tooth 
strength and chip clearance must be consid- 
ered when selecting the number of blades 
(cutting edges). Despite the limitations im- 
posed by chip clearance and tooth strength, 
gear cutters are often redesigned for greater 
efficiency. 

The G-Trac gear generator is a special 
machine that uses large numbers of single- 
point high-speed tool steel cutting tools 
carried on an endless chain of tool blocks. 
One model for moderate quantities of gears 
has a single row of cutting tools (Fig. 31). 
As these are sped around the track, the 
work is fed into the cutters and rolled as 
though in mesh with a single tooth simulat- 
ed by the cutters. Thus, one tooth space is 
generated. The work is then withdrawn, 
indexed to the next tooth space, fed in 
again, and so on, around the gear. 

Another G-Trac model for large quanti- 
ties has a number of rows of teeth (typically 
14) around the chain of blocks. The work is 
fed into the cutters and revolved continu- 
ously as though in mesh with a simulated 
rack, until all tooth spaces are finished. On 
both models, spur and helical gears (up to 


45° helix angle) as large as 356 mm (14 in.) in 
diameter can be cut and crowned and can be 
stacked to a height of 190 mm (7/2 in.) times 
the cosine of the helix angle. 

G-Trac generator cutter life is 6 to 175 
times as long as that for hobs. Special 
machines are available for sharpening the 
cutters, and the cutters can also be sharp- 
ened all at one time in a special fixture on a 
standard surface grinder. A G-Trac machine 
has a 19 kW (25 hp) motor, It is six to ten 
times faster than hobbing, but the machine 
is expensive. 


Speed and Feed 


In addition to the type of gear being 
machined and the method of cutting, other 
factors that influence the choice of cutting 
speed are work metal composition and 
hardness, diametral pitch of the work gear. 
rigidity of the setup, tolerance and finish 
requirements, and cutting fluid used. 

Hobbing Speed. Nominal speeds and 
feeds for gear hobbing that take into ac- 
count several of the above variables are 
listed in Table 3. As carbon content, alloy 
content, and hardness of the steel work- 
piece increase, recommended cutter speed 
decreases; for any given work metal, cut- 
ling speed increases as diametral pitch be- 
comes finer. For the numerical values given 
in Table 3, it is assumed that an additive- 
type cutting fluid will be used. Low cutting 
speeds prolong tool and eliminate the 
difficulties involved in changing tools and 
matching cuts. 

Shaping speed is influenced by variables 
similar to those that affect hobbing speeds, 
with the exception of diametral pitch. Nom- 
inal speeds and feeds for gear shaping under 
a variety of conditions are given in Table 4. 
Cutter speed varies with the composition 
and hardness of the work metal but not with 
diametral pitch. The speeds listed in Table 4 
are generally conservative. 

Speeds for Interlocking and Face Mill 
Cutters. Nominal speeds for cutting straight 
and spiral bevel gears with two common 
types of cutters are given in Table 5. As in 
shaping, speed is not varied with diametral 
pitch when other conditions are the same. 
For both the interlocking cutters and the 
face mill cutters, speeds are increased for 
finishing when roughing and finishing are 
done separately. The speeds used for cut- 
ting straight and spiral bevel gears with 
rotating cutters are close to those suggested 
in Table 5. When straight bevel gears are 
being cut with reciprocating cutters, much 
lower speeds are required. 

Feeds. Nominal feeds for the hobbing of 
steel gears are included in Table 3. Values 
are given in millimeters per revolution 
{inches per revolution) of the gear being 
hobbed and are based on the assumption 
that the gears will be ground after hobbing. 
Hobbing feeds should be decreased when 














gears are to be finished by shaving. As 
indicated in Table 3, hobbing feeds are 
sensitive to differences in diametral pitch, 
but feeds are not ordinarily changed for 
differences in the composition or hardness 
of the gear steel when diametral pitch is the 
same, except for the coarser-pitch heat- 
treated gears. 

Nominal feeds for cutting gears by shap- 
ing are given in Table 4. These values are 
based on the assumption that the gears will 
be finished by grinding; a reduction in speed 
is recommended when gears are to be fin- 
ished by shaving. Feeds for shaping vary 
with diametral pitch and vary comparative- 
ly little with work metal composition and 
hardness. Conditions for a specific opera- 
tion may require feeds higher or lower than 
those given in Table 4. 

Feeds for cutting straight and spiral bevel 
gears by rotary cutters are suggested in 
Table 5. The optimum feed is greatly influ- 
enced by diametral pitch; work metal com- 
position and hardness have a minor influ- 
ence, The same rates of feed are commonly 
used for both roughing and finishing, al- 
though the cutting edges of the teeth are 
altered for finishing, as indicated in Table 5. 


Cutting Fluids 


Cutting fluids are recommended for all 
gear cutting, although for some applications 
(notably the cutting of large gears) the use 
of a cutting fluid is impractical. The three 
cutting fluids most commonly used for gear 
cutting are: 


e Mineral oil (without additives) having a 
viscosity of 140 to 220 SUS at 40 °C (100 
Fi 

© Cutting oil, sulfurized or chlorinated (or 
both), usually diluted with mineral oil to a 
viscosity of 180 to 220 SUS at 40 °C (100 
°F) 

© Motor oil (SAE 20 grade), either deter- 
gent or nondetergent type 


Water-soluble oils, which are widely used 
in many metal cutting operations, are used 
to a lesser extent for gear cutting because 
the oils referred to above are more effective 
for producing the surface finishes desired 
on gear teeth and for prolonged cutter life. 
Nevertheless, soluble oils are sometimes 
used in gear cutting. One notable applica- 
tion for soluble oil (20 parts water to 1 part 
oil) is the finish broaching of fine-pitch 
gears. 

The relative advantages and disadvantag- 
es of the three oils mentioned above are 
matters of opinion among different plants 
producing steel gears. Most data in speed 
and feed tables are based on the use of 
cutting oils with additives (the second of the 
cutting fluids listed above). However, in 
some plants. mineral oils (including motor 
oils) are used when records have proved 
that the use of these oils resulted in longer 
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Table 3 Feeds and speeds for the hobbing of carbon and low-alloy steel gears with high-speed steel tools 


For hobbing class 9 (per AGMA 390.03) or better gears, it may be necessary to reduce speeds and feeds by 50% and/or take two cuts. To meet finish requirements, it may 
be necessary to try both conventionol and climb cutting. 
























Feed per 
Gear tooth size. revolution of High-speed 
Hardness, Diametral Number —— workpieceia) Hob speed steel tool material 
Material HB Condition Module pitch ofcuts — mm — im. mimin sm 150 AISI 
Wrought free-machining carbon steels 
Low-carbon resulfurized 100-150 — Hot rolled or annealed 12 2 150 0060 — 67 54,52 М2, М7 
116 3-10 1 1.50 0060 70 
117 11-19 П 1.50 000 73 
1118 12.5 20-48 1 125 0.050 — 76 
m 0.5 and finer 48 and finer [ 0.75 0030 — 85 
121! 150-300 Cold drawn 25-13 1-2 2 1.50 0080 70 84,822. М2, М7 
1212 12-25 3 П 1.50 0.060 73 
5 11-19 1 1.50 0.060 к 
1-0.5 20-48 1 125 0080 84 
0.5 und finer 48 and finer 1 075 0030 90 
Medium-carbon resulfurized 175-225 — Hot rolled, normalized, 25-13 1-2 2 1.50 0060 52 54,52 М2, M7 
1132 1144 annealed, ог cold drawn 5 3-10 П 1.50 0060 55 
1137 145 2-15 11-19 П 1.50 0060 5 
139 — 146 1-0.5 20-48 1 125 0050 60 
14o 1151 0.5 and finer 48 and finer 1 0.75 000 67 
1141 325-375 — Quenched and tempered 25-13 1-2 2 150 0060 21 55,5 M3, M42 
310 1 1.50 ол 27 
11-19 1 10 0.060 34 
20-48 П 125 0050 37 
48 and finer 1 0030 40 
Low-carbon leaded 100-150 Hot rolled, normalized, 1-2 2 0.065 — 7& 54,52 М2, М7 
ШЕ) annealed. or cold drawn 30 1 0065 м 
ILIA 11-19 1 0.060 90 
20-48 1 0050 95 
48 and finer 1 0.030 — 105 
200-250 Но rolled, normalized, 25-13 1-2 2 00600 50 $4,832. М2, М7 
annealed, ог cold drawn 12-25 3-10 П 0.060 — 5 
2-45 11-19 П 000 69 225 
1-0.5 20-48 1 0.050 73 240 
1 





0.5 and finer 48 and finer 0000 8 275 





Wrought carbon steels 
























Low carbon 85-125 Hot rolled, normalized, 1-2 2 1.80 0.070 62 205 54, 52 M2, M7 
1005 1016 1026 annealed. or cold drawn 3-ю 1 1.80 0070 75 245 
1006 1017 1029 11-19 1 1.50 0.060 Ш 265 
1008 1018 1513 20-48 1 1.28 0050 85 280 
1009 1019 1518 48 and finer 1 0.75 0.030 кк 290 
1010 1020 1522 225-275 Annealed or cold drawn 1-2 2 1.50 0.060 M 120 M2. M7 
1011 1021 3-10 1 1. 0.060 49 160 
1012 1022 11-19 1 1.50 0.060 56 185 
1013 1023 20-48 1 1.25 0.050 59 195 
1015 1025 48 and finer 1 0.75 0.030 60 200 
Medium carbon 125-175 Hot rolled, normalized, 25-13 -2 2 1.80 0.070 50 165 84, S2 M2, M7 
1030 1044 annealed, or cold drawn. 12-2.5 10 1 L80 0.070 53 175 
1033 1045 2-1.5 1-19 1 1.50 0.060 56 185 
1035 1046 140.5 20-48 1 1.25 0.050 60 200 
1037 1049 0.5 and finer 48 and finer 1 0.75 0.030 64 210 
1038 1050 225-375 Quenched and tempered 25-13 -2 2 1.15 0.045 21 70 55, 511 M3, M42 
1039 1053 12-2.5 1 1.15 0.045 24 80 
1040. 1055 2-1.5 1 0.65 0.025 30 100 
1042 1524 1-0.5 1 0.65 0.025 32 105 
1043 1525 0.5 and finer 48 and finer 1 0.65 0.025 37 120 
Wrought free-machining alloy steels 
Medium-carbon resulfurized 150-200 Hot rolled, normalized, 1-2 2 1.50 0.060 44 145 S4. S2 M2, M7 
4140 annealed, or cold drawn 3-10 1 1.50 0.060 47 155 
41408e 11-19. 1 150 0.060 50 165 
20-48 t 1.28 0.050 55 180 
48 and finer 1 0.75 0.030 60 200 
225-375 Quenched and tempered 2 1.15 0.045 20 65 55, SI M3, M42 
1 115 0,045 23 75 
1 0.65 0.025 29 95 
$ 0.65 0.025 30 100 
48 and finer 1 0.65 0.025 41 135 
Medium- and high-carbon leaded 150-200 Hot rolled, normalized, 1-2 2 1.50 0.060 52 170 54, 82 M2. M7 
4IL30 — 43L40 annealed. or cold drawn 3-10 1 1.50 0.060 55 180 
41040 511.32 11-19 1 1.50 0.060 58 190 
41145 521100 1 1.28 0.050 60 200 
41147 86120 1 0.75 0.030 67 220 
41150 8614 325-375 Quenched and tempered 2 115 0.045 21 7 55, 511 M3, М42 
1 LIS 0.045 27 90 
1 1.15 0.045 34 10 
1 LIS 0.045 7 120 
0.5 and finer — 48 and finer 1 0.75 0.030 40 130 


(a) Feeds are based on the largest standard recommended hob diameter, When using а smaller hob diameter, the feed must be reduced proportionally, Source: Metcut Research Associates Inc 
(continued) 
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Table 3 (continued) 






































Fe per 
Gear tooth эше revolution of 
Hardness, ‘Diumeiral Number workpieceta) Hob speed à 
Material HB Condition Module. pitch das шш жэш im 150 Чы 
Wrought alloy steels 
Low carbon 125-175 Hot rolled. annealed, or 1-2 2 1.50 0.060 49 54, 52 M2. М7 
4012 4615 4817 8617 cold drawn 3-10 1 1.50 0.060 52 
4023 4617 8620 11-19 1 1.50 0.060 55 
4024 4620 8622 20-48 1 1.25 0.050 58 
4118 4621 8822 48 and finer 1 0°. 0.030 ы 
4320 4718 9310 275-325 Normalized or quenched 1-2 2 115 0.045 E 54, 52 М2, М7 
4419 4720 94B15 and tempered 3-10 1 115 0.045 30 
4422 4815 94B17 1-19. 1 1.15 0.045 M 
20-48. 1 1.15 0.045 37 

0.5 and finer 4% and finer. l 0.75 0.030 40 
Medium carbon 175-225 Hot rolled, annealed, or 25-13 2 1.50 0.060 EJ 54, 52 M2, М7 
1330 4427 RIBAS cold drawn. 12-2.5 1 1.50 0.060 4! 
1335 4626 8625 5 1 1.25 0.060 44 
1340 50840 8627 19.5 1 1.25 0.050 49 
1345 50844 8630 0.5 and finer 1 0.75 0.030 55 
4027 5046 8637 325-375 Normalized or quenched 25-13 2 115 0.045 18 мз, M42 
4028 50846 8640 and tempered 12-25 1 115 0.045 20 
4032 50850 8642 5 1 0.65 0.025 23 
4037 5060 8645 1-0.5 1 0.65 0.025 24 
4042 50860 86845 0.5 und finer 48 and finer П 0.65 0.025 29 
4047 5130 8650 
4130 5132 8655 
4135 5135 8660 
4137 5140 — 8740 
4140 S145 8742 
4142 5147 9254 
4145 5150 9255 
4147 5155 3260 
4150 5160 94830 
4161 51860 
4340 6150 


(а) Feeds are bused on the largest standard recommended hob diameter 


ч. When using a smaller hob diameter, the feed must be reduced proportionally, Source: Metcut Research Associates Inc, 








cutter life than when prepared cutting oils 
were used. 

In some plants, additive cutting oils are 
used for roughing operations and mineral 
oils for finishing when the operations are 
done separately in different machines. An 
adequate supply (a flood) of fluid under 
slight pressure (about 35 kPa, or 5 psi) at the 
cutting area is extremely important—usual- 
ly more important than the composition of 
the oil. 


Comparison of Steels 
for Gear Cutting 


End use is the main factor in the selection 
of steel for a specific gear. However, two or 
more steels will often serve equally well. 
Under these conditions, the cost of the stecl 
and the cost of processing it are significant 
factors in making a final selection, and in all 
selections both these factors must be con- 
sidered. When the cost of machining stan- 
dard steels is compared with the cost of 
free-machining counterparts, the use of a 
free-machining grade will almost always re- 
sult in lower machining costs. However, 
when changing from one standard grade of a 
given steel to its free-machining counter- 
part, the additional cost of the free-machin- 
ing grade must be considered in the cost 
comparison. When changes in steel compo- 
sition that result in lower machining costs 


require changes in the method of heat treat- 
ing, the cost of heat treating must also be 
considered. 

A change in microstructure, independent 
of steel composition, also has a significant 
effect on tool life or surface finish or both. 
Altering the heat treatment can produce à 
more machinable microstructure that re- 
sults in increased cutter life. 





Rolling of Gears 


Spur and helical gears, like splines, are 
roll formed. Millions of high-quality gears 
are produced annually by this process: 
many of the gears in automobile transmis- 
sions are made this way. As indicated 
Fig. 32, the process is basically the same as 
that by which screw threads are roll formed, 
except that in most cases the teeth cannot 
be formed in a single rotation of the forming 
rolls; the rolls are gradually fed inward 
during several revolutions. 

Because of the metal flow that occurs, the 
top lands of roll-formed teeth are not 
smooth and perfect in shape; a depressed 
line between two slight protrusions can of- 
ten be seen. However, because the top land 
plays no part in gear tooth action, if there is 
sufficient clearance in the mating gear, this 
causes no difficulty. Where desired, a light 
turning cut is used to provide a smooth top 
land and correct addendum diameter. 





Rolling produces gears 50 times as fast as 
gear cutting and with surfaces as smooth as 
0.10 ит (4 pin.). Not only does rolling 
usually need no finish operation, but rolling 
refines the microstructure of the workpiece. 

Production setup usually takes only a set 
of rolling dies and the proper fixture to 
equip the rolling machine. By either the 
infeed (plunge) method or the throughfeed 
method, the rolling dies drive the workpiece 





Method for forming gear teeth and splines 
by cold forming 


Fig. 32 
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Table 4 Feeds and speeds for the shaping of carbon and low-alloy steel gears with high-speed steel tools 


Rotary feed per 
cutter stroke 
(102 mm, or 4 
in., pitch 
Gear tooth size diameter High-speed 
Number Diametral cutierka) Cutter speed steel tool material 
Material нв Condition. Геша) — Module pitch mm in, mimin ыт Iso AISI 











Wrought free-machining carbon steels 





Low-carbon resulfurized 100-150 Не rolled or annealed 4 055 002 26 85 54,52) M2, M7 
"né In 2 040 0.016 
n ои 2 028 боп 
1118 122 2 0.20 — 0.008 
150-200 Со drawn 4 0.55 002 27 з 54.52 М2, М7 
2 040 0016 
2 028 ооп 
2 020 0.008 
Medium-carbon resulfurized 5 Hot rolled, normalized, 4 055 00020 24 80 54.52 M2, M7 
1132 1144 annealed, or cold drawn 2 040 0016 
1137 1145 2 028 0.011 
19 1146 2 0.20 оок 
1140 nsi 325-375 — Quenched and tempered 4 030 002 12 40 85,811 МЭ, M42 
uai 2 025 0.010 
2 0.20 — 0.008 
2 0.20 0.008 
Low-carbon leaded 100-150 Hot rolled, normalized, 4 0.55 002 38 125 54,59 — M2, M7 
2113 annealed, ог cold drawn 2 040 0016 
121.14 2 028 0011 
ALIS 2 020 0008 
200-250 ^ Hot rolled, normalized, H 055 оо? 27 о 5452 M2, M7 
annealed, or cold drawn 2 0.40 — 0.016 
2 028 00! 
2 0.200 — 0.008 





Wrought carbon steels 
0.018 27 90 54.52 М2, М7 

















Low carbon. 85-125 Ног rolled, normalized, 4 
1005 юз 101 151% annealed, or cold drawn 2 0.012 
1006 — 1015 1022 1522 2 0.010 
1008 1016 1023 2 0.008 
1009 1017 1025 225-275 Annealed or cold drawn 4 0016 18 60 54,5829 M2, M7 
100 1018 1026 2 0.012 
юп 1019 1029 2 0.010 
1012 020 1513 2 0.008 
Medium carbon 125-175 Нос rolled, normalized, 4 0018 228 75 54.52 M2, M7 
1030 1040 1053 1541 annealed. or cold drawn 2 0.012 
1033 1045 "055 1547 2 0.010 
1035 — 1044 1524 1548 2 0.008 
1037 1045 1525 1551 325375 Quenched and tempered 4 0.012 — 12 — 40 55,511 М3, M42 
1038 — 1046 1526 1552 2 0.010 
0з 1049 1527 2 0.008 
1040 1050 1536 2 0.008 
Wrought free-machining alloy steels 
Medium-carbon resulfurized 150-200 Ног rolled, normalized, 4 055 (02 24 — 80 54.59 M2. M7 
4M — AMSSe annealed. or cold drawn 2 045 0018 
4140Se 4147Те 2 028 001 
4142Te 4150 2 020 0.008 
325-375 — Quenched and tempered 4 оз 0012 п 35 $5$H М3, М2 
2 0.25 0.010 
2 020 0.008 
2 0.20 0.008 
Medium- and high-carbon leaded 150-200 Нот rolled. normalized, 4 055 002 24 ва $482 M2. M7 
41L30 41147 51132 86140 annealed, or cold drawn 2 0.40 9.016. 
41040 40050 521100 2 028 0011 
41045 431.40 861.20 2 0.20 0.008 
325-375 Quenched and tempered 4 $30 002 1 5 55580 МЭ, M42 
2 025 — 0.010 
| 2 0.20 0008 
2 0.20 0.008 
Wrought alloy steels 
Low carbon 125-175 Hot rolled, annealed, or 4 25-6 1-4 оз 008 — 21 70 54520 мм? 
4012 4615 4817 8617 cold drawn 2 5-10 30 0.012 
4023 4617 4820 8620 2 11-19 25 0.010 
404 4600 5015 — 8622 2 1-0.5 20 — 020 0008 
4118 4621 5115 8822 325-325 Normalized or quenched 4 25-6 14 0.30 0.012 2 40 55, S11 M3, M42 
4320 — 4718 5000 9310 and tempered 2 5525 50 025 000 
449 — 4730 68 94BIS 2 2-5 — 11-19 020 оош 
44020 4815 85 9417. 2 105 2048 020 оо 





(a) For cutting gears of class 9 (AGMA 390.03) or better. the rotary feed should be reduced, and the number of cuts should be increased, Source: Metcut Research Associates Inc. 
(continued) 
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Table 4 (continued) 














Gear tooth size. High-speed 

Hardness, Number Cutter speed steel tool material 
Material HB Condition of cutsia) Module pitch mmin ут 150 AISI 
Medium carbon 175-225 Ног rolled, annealed, ог 4 14 18  & 54.52 М2, M7 
1330 4427 81845 cold drawn 2 5-10 
1335 4626 8625 2 11-19 
1340 50B40 8627 2 20-48 
1345 50844 8630 325-375 — Normalized or quenched 4 25-6 14 030 002 1) 35 85,511 м3, M42 
4027 5046 8637 and tempered 2 1 5-10 025 0.010 
4028 50B46 8640 2 11-19 0.20 0.008 
4032 50850 8642 2 105 20-48 020 0.008 


4037 5060 8645 

4042 50B60 86B45 
4047 
4130 
4135 
4137 
4140 
4142 
4145 
4147 
4150 
4161 
4340 





(а) For cutting gears of class 9 (АСМА 390.03) or better, the rotary feed should be reduced, and the number of cuts should be increased. Source: Metcut Research Associates Inc. 





between them, forming the teeth by pres- 
sure. 

Limits. Spur gears can be rolled if they 
have 18 teeth or more. Fewer teeth cause 
the work to roll poorly. Helical gears can be 
rolled with fewer teeth if the helix angle is 
great enough. 

It is usually impractical to roll teeth with 
pressure angle less than 20°. Lower angles 
have wide flats at root and crest that need 
more pressure in rolling. Lower angles also 
hinder metal flow. Although 0.13 mm (0.005 
in.) radius fillets can be rolled, 0.25 mm 
(0.010 in.) is a better minimum. For greater 
accuracy, gear blanks are ground before 
rolling. Chamfers should be 30° or less. 

Steels for gear rolling should not have 
more than 0.13% S and preferably no lead. 
Blanks should not be harder than 28 HRC. 





Compv Numerical Control 
(CNC) Milling and Hobbing 
Machines 


In practice, gear milling is usually con- 
fined to replacement gears or to the small- 
lot production, roughing. and finishing of 
coarse-pitch gears. The milling of low-pro- 
duction, special tooth forms is also done. 
Milling is often used as the first operation 
prior to finish hobbing or shaping. especial- 
ly in large diametral pitch spur, helical, and 
straight bevel gears. The gear is then fin- 
ished to final size by another method select- 
ed by the manufacturer. 

Special high-power (56 to 75 kW, or 75 to 
100 hp) CNC machines, called gashers (Fig. 
33), are used for the roughing of gears from 
6 to % diametral pitch. These machines 














Fig. 33 Four types of gashers. (o) Duo-axis. (b) Helical machine. (c) Rack machine. (d) Slitting head 
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Table 5 Gear cutting speeds for the rough and finish cutting of carbon and low-alloy steel straight and spiral 
bevel gears with high-speed steel tools 



































г — Cutting speediu) [T 
R in steel tool mater 
Material Hardness, НВ Condition Tami ce al во AISI 
Wrought free-machining carbon steels 
Low-carbon resulfurized 100-150 Hot rolled or annealed 38 125 76 250 M2, M7 
mé ang 2H 150-200 Cold drawn E 140 ы 275 M2, M7 
m7 guo n 
Medium-carbon resulfurized 175-225 Hot rolled, normalized, 26 85 5 175 M2, M7 
n32 040 1145 annealed, or cold drawn 
из gH) 146 325-375 Quenched and tempered 15 50 30 100 85 M3 
139 1144 ns 
Low-carbon leaded 100-150 Hot rolled, normalized, 4 145 88 290 54, S2 M2, M7 
121.13 annealed, or cold drawn 
12114 200-250 Hot rolled. normalized. M по ө 225 84,82 M2, M7 
12115 annealed, or cold drawn 
Wrought carbon steels 
Low carbon 85-125 Hot rolled, normalized, z 90 58 190 54, 82 M2, M7 
1005 — 1012 1019 1026 annealed. or cold drawn 
1006 юз — 1020 1029 225-275 Annealed or cold drawn 2 00 44 145 54, 82 M2, M7 
юв 1015 1021 1513 
109 юв 10229 1518 
шю 017 1025 1922 
юп юв 1025 
Medium carbon 125-075 Hot rolled, normalized. 26 85 5 175 54, 52 M2, M7 
1030 — 1042 — 1055 1541 annealed, or cold drawn 
з мз 1059 1547 325-375 Quenched and tempered 15 50 30 100 55 M3 
зз 1044 1524 1548 
1037 1045 1551 
1038 1046 1552 
1039 1049 
1040 — 1080 1536 
Wrought free-machining alloy steels 
Medium-carbon resulfurized 150-200 Hot rolled, normalized, 26 85 53 175 54, 52 м2, M7 
4140 4l42Te 4H7Te annealed, or cold drawn 
41405е 4l4SSe 4150 Quenched and tempered 14 45 29 95 55 M3 
Medium- and high-carbon leaded Hot rolled, normalized, 26 85 53 175 S4, 52 M2, M7 
4130 411.50 860.20 annealed. or cold drawn 
440 43140 86140 325-375 Quenched and tempered м 45 27 90 55 мз 
4145 511.32 
41047 521100 
Wrought alloy steels 
Low carbon. 125-175 Hot rolled. annealed, ог 26 85 5 175 S4, $2 M2. M7 
4012 4615 4817 выт cold drawn 
4023 — 4617 б 620 
404 — 4620 5015 8622 325-375 Normalized or quenched 15 so 30 100 85 M3 
4118 — 46M SIIS 8822 and tempered 
4X0 — 4718 500 — 930 
4419 — 470 бз 94В15 
4422 45 — BIS — 94BI7 
Medium carbon 175-225 Hot rolled, annealed, or 20 65 E 135 54, 52 M2, M7 
130 — 4145 5132 8640 cold drawn 
35 4147 5135 Зы? 325-375 Normalized ог quenched 15 so 3 100 55 мз 
1340 41580 540 8645 and tempered 
1345 4161 5145 86B45 
4027 4340 5147 8650 
4028 4427 5150 8655 
4032 4626 — 5155 8660 
4037 50840 5160 — 8740 
4042 50844 SIB60 8742 
4047 — 5046 — 6150 9254 
41530 50846 81845 
4135 50850 8625 9260 
4137 5060 8627 94830 
4140 50860 8630 
442 5130 8637 


(a) Cutting speed recommendations are for use with alternate-tooth milling cutters or gear generators. For planer-type generators, use the recommended cutting speeds in Table 4. Source: Metcut Research 


Associates Inc. 





employ strong, rigid machine components 
and are extremely powerful. They operate 
at peak efficiency with large inserted car- 
bide cutters. The ability to remove large 
amounts of metal at substantial feed rates 


makes this process quite economical for 
coarse pitches. The gears can be finished 
on the same machines with high-speed tool 
steel formed cutters. The accuracy of in- 
dex on these machines is more than ade- 


quate to produce tooth spacing require- 
ments. 

The advent of the CNC-controlled index 
mechanism of the gasher allows the man- 
ufacture of large, coarse-pitch sprockets 
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Fig. 34 CNC gear hobbing mochine producing o gear 


for roller chains of all sizes. The face 
capacity of these machines permits the 
stacking of many plate sprockets at onc 
time with good quality and reliable produc- 
tion. 

The power of these machines and their 
ability for (wo-axis interpolation make 
coarse-tooth straight bevel gears a natural 
application. The time savings can be signif- 
icant; two-tool generators can be used to 
finish the gashed bevel blank. 

Computer numerical control gear hobbing 
machines arc available in 305, 508, 914. 
1220. and 1625 mm (12. 20. 36. 48. and 64 
in.) capacities. Figure 34 shows a CNC 
machine hobbing a gear. 








Gear teeth can be produced entirely by 
grinding, entirely by cutting, or by first 
cutting and then grinding to the required 


dimensions. Usually. gear grinding removes 
only several hundredths of a millimeter of 
metal from precut gears to make accurate 
teeth for critical applications. Teeth made 
entirely by grinding are usually only those 
of fine pitch, for which the total amount of 
metal removed is small. The grinding of 
fine-pitch gear teeth from uncut blanks may 
be less costly than the two-step procedure if 
there is not much metal to be removed. 

The two basic methods for the grinding of 
gear teeth are form grinding (nongenerating) 
and generation grinding. Many varieties of 
machines have been built specifically to 
grind gears and pinions. 

Advantages and Disadvantages. A 
gear is ground when it is so hard that it 
cannot be finished by other methods or 
when the required accuracy is greater than 
can be obtained by other methods. If the 
hardness of the gear does not exceed 40 
HRC and if its size is within the capacity of 





the machine, shaving will produce teeth of an 
accuracy close to that produced by grinding. 
Gears made of steel harder than 40 HRC are 
finished by grinding when dimensional accu- 
racy is required or when correction beyond 
that feasible by honing is required. 

The major disadvantage of grinding gears 
is the cost. It is usually more expensive to 
grind gears than to cut them because mate- 
rial is removed in small increments in grind- 
ing. Ground gears are usually subjected to 
more inspection than cut gears. Magnetic 
particle inspection of the finished tecth de- 
tects fine cracks. and macroetching with 
dilute nitic acid detects grinding burn. Both 
inspection procedures are advised in gear 
grinding. 

A carbide network in carburized steels, 
or the presence of sufficient retained aus- 
tenite or of hydrogen in any hardened steel, 
can increase the susceptibility of the steel to 
grinding cracks. Therefore, it is necessary 
to keep these conditions under control. Re- 
ducing the heat generated in grinding (by 
decreasing the rate of stock removal or by 
the use of a grinding fluid) can help to 
climinate cracking and burning of the 
ground surface 

Stock Allowance. When workpieces are 
prepared for grinding by cutting, the least 
amount of stock possible should be left to 
be removed by grinding. This stock should 
be evenly distributed to reduce the wheel 
dressings and operating adjustments needed 
to maintain wheel contour when using con- 
ventional (aluminum oxide or silicon car- 
bide) dressable wheels. With cubic boron 
nitride (CBN) wheels, where stock is re- 
moved in one pass, evenly distributed stock 
results in more uniform grinding pressure. 

In general, it is not practical to remove 
more than 0.15 mm (0.006 in.) of stock from 
each face of the teeth of spur gears up to 178 
mm (7 in.) in diameter or 0.20 mm (0.008 in.) 
from gears between 178 and 254 mm (7 and 
10 in.) in diameter. These amounts of stock 
can usually be removed in three to five 
passes with conventional dressable wheels 
or in one pass with CBN wheels. However. 
the number of passes depends on number of 
teeth, pressure angle, and required finish. 
Sometimes nine or ten passes are needed 
with conventional whecls. 

Ihe recommended stock allowance for 
grinding straight bevel teeth is 0.08 mm 
(0.003 in.) at the root of the tooth and 0.08 
to 0.13 mm (0.003 to 0.005 in.) on the face of 
each tooth. Grinding time depends on the 
amount of stock to be removed. For exam- 
ple, removing 0.076 to 0.089 mm (0.0030 to 
0.0035 in.) of stock from a gear of 4 diame- 
tral pitch and 32 teeth takes 30 s per tooth; 
a gear of 10 diametral pitch and 32 teeth 
takes about 20 s per tooth. Figure 35, which 
shows the cross sections of gear teeth of 
various diametral pitches. can be used to 
gage the relative sizes of the 4 and 10 
diametral pitch gears. 
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БАД гд 


Fig. 35 Geor teeth of various diametral pitch 


Grinding stock allowance per tooth side 
for spiral bevel and hypoid gears should be 
0.10 to 0.13 mm (0.004 to 0.005 in.) for gears 
coarser than 10 diametral pitch and 0.08 to 
0.10 mm (0.003 to 0.004 in.) for gears of 10 
to 20 diametral pitch. Stock allowance at 
the root of the tooth should be about 0.08 
mm (0.003 in.) for gears up to 20 diametral 
pitch. 

Multiple-Piece Loads. Because gear 
grinding is an expensive operation, it is 
important to control the amount of metal to 
be removed by grinding, to reduce runout 
and spacing errors, and to try to grind 
multiple-piece loa Multiple-start hobs 
can cause enough spacing error to make 
extra grinding passes necessary. Therefore, 
when a hobbed gear is to be ground, it is 
better to use a single-thread hob. The mul- 
tiple-start hob will not save enough to pay 
for the extra grinding passes. Single-thread 
hobs are available with nonground class-C 
tooth forms. 

Wheel Specifications. Aluminum oxide 
wheels are preferred for the grinding of 
teeth in through-hardened and case-hard- 
ened steel gears. For nitrided gears, silicon 
carbide wheels are sometimes used. Grit 
size, which depends mainly on the type of 
grinding and the pitch of the gear. ranges 





from 46 to 100, although somewhat finer 
grits can be used for form grinding. A grit 
size of 60 is generally recommended for 
diametral pitch in the range of | to 10; 80 for 
the range of 8 to 12; and 100 for gears of 
pitch finer than 14. With crush-formed 
wheels, grit sizes as small as 400 are used in 
grinding gears of diametral pitch as fine as 
200. For grade (hardness), a range of H to M 
is generally recommended. 

ified bond wheels are used because of 
their rigidity and ability to be diamond 
dressed with a minimum of diamond wear. 
Wheel rigi is particularly important for 
dish-shaped wheels of the large sizes used 
in generation grinding. Resinoid bond cup 
wheels are satisfactory for generating bevel 
gear teeth. 

Vitrified bond wheels are used for form- 
ing. They are generally crush trued. The 
vitrified bond is friable and is rigid enough 
to support the force of crush truing without 
deflection. 

Steel-core wheels plated with CBN are 
commonly used because their open grain 
texture allows for slow traverse across the 
tooth surface and rapid stock removal with- 
out burning. Surfaces are generally finished 
in one pass. Because of the hardness of the 
material, several thousand parts can bc 
ground before whecl contours need to be 
replated. Wheel classificati 
selection are discussed in 
“Grinding Equipment and Processes" and 
"'Superabrasives"" in this Volume. 

Speed. Most gears ground with conven- 
tional wheels are ground with wheel surface 
speeds of 1700 to 2000 m/min (5500 to 6500 
sfm). When very small amounts of stock are 
being removed, speeds higher than 2000 m/ 
min (6500 sfm) can be used. When grinding 
gears with cup-shaped or dish-shaped 
wheels, slower speeds (140 m/min, or 450 
sfm, or less) are common. Wheel speeds up 
(о 3000 m/min (10 000 sfm) are used with 
CBN wheels. 

Infeed. When using conventional wheels, 
pitch of the gear being ground is the main 
factor influencing optimum infeed. For ex- 
ample, in the plunge grinding of casc-hard- 
ened or hardened-and-tempered steels (50 
to 62 HRC), an infeed of 0.038 mm/pass 
(0.0015 in./pass) is recommended for gears 
having diametral pitches of | to 4. Infeed is 
reduced to 0.030 mm/pass (0.0012 in./pass) 
for pitches of 5 to 8 and to 0.013 mm/pass 
(0.0005 in./pass) for pitches finer than 8. 
With CBN wheels, 0.13 to 0.25 mm (0.005 
to 0.010 in.) of stock is removed in one pass. 

















Correcting for Distortion 
in Heat Treating 

Most steel gears are heat treated. Be- 
cause some diametral change occurs during 
heat treatment, gear teeth are cut prior to 
heat treating and ground to finish dimen- 
sions after heat treating. The magnitude of 
the dimensional change depends on the type 
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of heat treatment and the shape of the part. 
Distortion is greatest when the entire part is 
heated and quenched. Induction hardening 
and flame hardening cause small changes 
because only the tooth area of the part is 
heated and quenched. 

Usually, nitrided gears do not need to be 
ground to correct for distortion. When gears 
are properly nitrided, dimensional change is 
so small that any correction required can be 
accomplished by honing or lapping. 

When the entire gear is heat treated. 
dimensional change is less in gears of nearly 
uniform cross section than in those of intri- 
cate design or large variation in cross s 
tion. For example, short, stubby pinions are 
least likely to lose accuracy because of 
unequal cooling rates during quenching, 
while thin-web gears with heavy-section 
teeth or heavy rims change the most. 

The use of a heat-treating procedure that 
allows maximum dimensional control, such 
as placing the heated part in a fixture for 
quenching. helps reduce the amount of 
grinding and sometimes has eliminated the 
need for grinding. However, some dimen- 
sional changes occur during heat treatment 
regardless of special techniques. The fol- 
lowing example is typical of a gear that 
required grinding even though it had been 
quenched in a dic to control distortion. 

Example 1: Grinding Die-Quenched 
Gears. The gear teeth for the part illustrat- 
ed in Fig. 36 were cut by hobbing, after 
which they were carburized and quenched 
in a die to minimize distortion. However, 
this practice did not prevent distortion be- 
yond tolerance, and lightening holes caused 
a scalloping of the pitch line by approxi- 
mately 0.10 mm (0.004 in.) total indicator 
reading. Therefore, grinding was necessary. 
No grinding burns or cracks could be ac- 
cepted. 

Conditions of the grinding operation are 
given in the table with Fig. 36, Damper 
plates prevented excessive vibration of the 
gear during grinding, thus reducing the like- 
lihood of both burns and cracks. 








Form Grinding 

Usually, form grinding consists of passing 
a formed wheel through a tooth space to 
grind to root depth the left side of one tooth 
and the right side of the next tooth at the 
same time (see modifications in Fig. 37). 
When straight teeth are ground, as in spur 
gears, the workpiece is held in a fixed radial 
position during a pass. For helical gears, 
however, the workpiece must be rotated so 
that the helix will be followed as the wheel 
passes through the tooth space. A lead bar 
having the same lead as the helix controls 
rotation during grinding. 

When the wheel pass through a tooth 
space is completed, the workpiece is in- 
dexed to the next position. and the proce- 
dure is repeated. The indexing mechanism 
usually consists of an index plate with the 
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9310 steel 





Center 


Damper plate, 


Lightening hole! 
(4reqd) | 


Center ~ 


Damper plate ^ 


Grinding wheel ~ 





Gear details 
Журе ызасы; ‚ Involute spur 
Number of teeth . 63 

Diametral pitch 








Involute error, mm (in.). ... 0.005 (0.0002) 
Tooth-to-tooth spacing, 
mm (іп)... VS 
Spacing between any three 
adjacent teeth, mm (іп... 
Finish required, involute sides 
and root fillet, pm (pin.) - 


Within 0.005 (0.0002) 





Within 0.013 (0.0005) 


0.80 (32) max 





Hardness. HRC 2-63 
Grinding wheel. 
Classification A-I80-H9-V 


‚ M9 (034) OD 
+ Diamond dressed 


Size, mm (in.). 
Form .... 








Operating conditions. 


‚. Gear grinding, rack type 


2030 (6650) 






0.030 (0.0012) 
0.020 (0.0008) 


Roughing, mm 
Finishing, mm ( 
Axial feed... 
Roughing, mm (in. 
Finishing, mm (in) . 
Grinding П 
Time per pic 





0.89 (0,035) 

0.41 (0.016) 
Sulfurized grinding oil 
12 








min 











i Setup for grinding a thin-web geor. 
Fig. 36 Damper plotes prevent excessive vibra- 
tion. Dimensions in figure given in inches 


same number of spaces at the workpiece. 
Control of tooth spacing errors depends 
primarily on the accuracy of this plate. 

Spur gears are ground with a single 
straight wheel with a periphery that has 
been formed to produce the space between 
teeth (Fig. 37a), a single wheel with several 
ribs that grind more than one tooth space 
during each wheel pass (Fig. 37b), or two 
single-ribbed wheels (Fig. 37c). Helical 
gears are ground with a formed, single 
straight wheel. Bevel gears are form ground 
with a cup-shaped wheel. Form grinding 
can also be used to finish grind precut 
threads of worms. 

Wheels for form grinding are usually less 
than 152 mm (6 in.) in diameter; wheel 
thickness depends on the size of the teeth to 
be ground. Wheels of larger diameter can be 
used, but the smaller wheels are more com- 
mon because they need less clearance in 










Workpiece 


Worko ece-, Workpece 


[7] 

{ Relations of wheel and workpiece in the 
Fig. 37 form grinding of spur gears (top views). 
(a) Single-ribbed grinding wheel. (b) Multiribbed grind- 
ing wheel. (c) Two single-ribbed wheels, also known as a 
straddle wheel 


finishing a gear that is close to a larger gear 
orto a shoulder. In addition, smaller whecls 
are better for grinding internal gears. 

Standard gear grinding machines are 
available for form grinding spur gears rang- 
ing from a minimum root diameter of 19 mm 
(М in.) toan outside diameter of 914 mm (36 
in.). Special machines have been built to 
grind spur gears 2.4 m (8 ft) in diameter. 
Machines are available that are capable of 
form grinding external helical gears up to 
457 mm (18 in.) in diameter. 


Generation Grinding 


There are four methods of generating gear 
teeth by grinding. Each method is identified 
by the type of wheel used: straight, cup- 
shaped, dish-shaped, and rack-tooth worm 
wheels. 

Straight Wheels. In this method. a 
straight wheel beveled on both sides recip- 
rocates across the periphery of the work- 
piece as the workpiece rolls under it in a 
direction perpendicular to its reciprocating 
motion. The reciprocating action of the 
wheel is similar to that of a reciprocating 
gear cutter. This grinding method can be 
used to generate the teeth of spur gears. 

Cup-Shaped Wheels. In this method, the 
gear tooth is rolled against a cup-shaped 
wheel, the sides of which are beveled to an 
angle equal to the pressure angle required 
on the teeth. During grinding, the wheel 
moves in a straight line along the length of 
the tooth. The sides of the wheel simultane- 
ously grind adjacent sides of two teeth. A 
number of mechanical methods are used to 
control the generating motion and the in- 
dexing of the workpiece. Electronic con- 
trols are used on newer machines. 

Teeth can be generated by grinding with a 
cup-shaped wheel on spur and helical gears 
up to 457 mm (18 in.) in pitch diameter. 
However, when helical gears are being 
ground, the generating motion must match 
the pitch in the plane of rotation of the gear 
to be ground. With this grinding method, it 
is impractical to generate tip and root re- 
liefs. 

Dish-Shaped Wheels. This method uses 
two dish-shaped grinding wheels, which may 
be inclined 15 or 20° or may be parallel in a 
vertical position (0°), as shown in Table 6. 














Simulated 7 


Roll of gear 


Movement 
of gear 
i Schematic of dish-shaped wheels simulat- 
Fig. 38 ing the motion of a pag The geor being 
machined rolls and moves. Wheels moy or may not be 
reciprocated. 


The generating motion is sometimes con- 
trolled by steel bands that are fastened to a 
pitch block of the same diameter as the 
pitch circle of the workpiece minus the 
thickness of the rolling bands. The shape of 
the tip and root of the teeth can be modified 
by using a cam to change the normal gener- 
ating motion. 

Usually an index plate similar to that used 
in form grinding indexes the workpiece if a 
pitch block is used. Large machines use 
worm gearing for indexing. Gears are 
ground dry, and machines incorporate a 
device depending on a feeler diamond to 
compensate for wheel wear. Machines are 
available for grinding spur and helical gears 
ranging from 25 to 3610 mm (1 to 142 in.) in 
diameter, with diametral pitch 2 to 17 by 
this method. 

When the wheels are in the 15 or 20° 
position, as in illustration (a) in Table 6, 
their active faces rotate in planes forming an 
acute angle. In this position, the whecls 
simulate the tooth flanks of a rack that the 
workpiece engages during the rolling-gener- 
ating motion (Fig. 38). The inclination of the 
grinding wheels to the vertical in the pitch 
plane generally equals the pressure angle of 
the gear to be ground (usually 15 or 20°). 
Under these conditions, the generating cir- 
cle coincides with the pitch circle of the 
gear. This method produced a criss-cross 
pattern of grooves (lay of surface rough- 
ness) and has been widely used because 
machine settings are simple and the desired 
pressure angle is accurately and simply set 
by adjusting the inclination angles of the 
wheels. 

The 15 or 20° wheel position is not suit- 
able for making longitudinal modifications. 
Although the two simultaneous points of 
contact between the grinding wheels and 
the respective tooth flanks move along the 
tooth-form involutes during each transverse 
rolling-generating motion, the locations of 
these points relative to each other change 
constantly. 





Table 6 Grinding of gears with dish-shaped wheels in the 0^ position 
Details for seven different spur and helical gears that had been carburized and hardened 
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Parameter Gear details 
Diametral pitch......... 10 5 4 5 3 275 
Module 25 5 6 5 8 95 
Number of teeth......, 23 44 80 120 100 379 
Face width, mm 559 61.0 119 3 180 419 
(n.).... m + Q2) 124) an UL8) On (16.5) 
Tip diameter, mm nA 2M 503 630 828 3350 
. . . Q8) (9.2) (19.8) (24.8) 02.6) 32) 
15 20 20 20 20 15 15 
26 20 10 10 15 0 7 
per flank, mm 
n.) буз OUS 0.18 0.20 0.23 0.18 923 0.25 
10.006) (0.007) (0.008) (0.009) (0.007) 0.009) (0.010) 


> Feeler 


diamond 





(a) 15 or 20° position (b) Ое position 





For helical gears, this differential position 
applies not only along the involutes but also 
to the position in the longitudinal tooth 
direction. Therefore, it would be impracti- 
cal to try to coordinate modification impuls- 
es of the grinding wheel and the generating 
or feed motion to make longitudinal modifi- 
cations. 

Ina newer method, the angle between the 
two wheels is 0°, as shown in illustration (b) 
in Table 6. The active surfaces of the wheels 
are parallel and face each other. Because 
the grinding pressure angle is 0° and corre- 
sponds to the pressure angle on the basc 
circle, the generating motion is obtained by 
rolling on the base circle. 

The advantages of grinding gears in the 0° 
position over the 15 or 20° position are: 





* Greater production without sacrifice in 
quality 

* Ability to grind more exacting flank pro- 
files and to make longitudinal modifica- 
tions 


The main disadvantage is the lack of 
uniform transition between the flank and 
the tooth root, which is objectionable in 
some gearing applications. 

Rack-Tooth Worm Wheels. The wheel 
used in this method of generating gear teeth 
is crush trued into the shape of a conven- 
tional rack-tooth worm or a CBN-plated 
rack-tooth worm. Grinding a gear by this 
method is illustrated in Fig. 39. 

The workpiece is mounted vertically on 
an arbor or in a fixture that fits between the 
centers of the machine. For grinding helical 
gears, the workholding slide of the machine 
is set at an angle equal to the helix angle 
required on the gear. The workpiece is 
rotated by a motor that is synchronized with 
the wheel motor. 

The gear can be ground with a small 
portion of the length of the grinding worm 
wheel. Generation takes place as a result of 
rotating the worm wheel and gear in mesh 
as the wheel is traversed axially across the 
gear face. 

A soft, conventional aluminum oxide or 
silicon carbide wheel is used to prevent 





burning the hardened teeth, but this results 
in greater wheel breakdown and loss of 
correct tooth profile. To continue using a 
fresh, unbroken part of the wheel, the work 
is fed in a direction parallel to the axis of the 
worm using the setup shown in Fig. 40. 

Success in gear grinding with a conven- 
tional grinding worm whecl depends greatly 
on careful dressing of the wheel to the 
required contour and on synchronization of 
the workpiece rotation with the rotation of 
the worm wheel. Special diamond wheel 
dressers are required. The accuracy of the 
diamond and of the dressing operation de- 
termine to a great extent the quality of the 
gear teeth produced. 

Wheels are about 50 mm (2 in.) wide, and 
they can be rough formed by crushing and 
can be finished to the proper pressure angle 
by diamond dressing. Some machines use 
wheels that have been finish dressed by 
crushing only. Because a considerable 
amount of time is required to crush true a new 
wheel, it is advisable to stock wheels for each 
pitch and pressure angle required. In diamond 
dressing, two diamonds are needed to dress 
both sides of the thread at the same time. 
Gear tooth design can be easily modified by 
lapping the tip of the dressing diamond. 

Burning the hardened steel is much less 
of a problem when using CBN-plated 


Crush dresser 


‘Grinding wheel 


i Generation grinding with a rock-tooth 
Fig. 39 orm wheel 





wheels because of the open texture of the 
wheel surface. The hardness of the CBN 
material and the stiffness of the steel core 
allow for several thousand pieces to be 
ground before the worm needs replating and 
returning. Modifications of the gear tooth 
design are manufactured into the core be- 
fore it is plated. 

Spur gears and helical gears up to 508 mm 
(20 in.) in diameter can be ground in ma- 
chines using a threaded wheel. Although 
fine-pitch gears can be ground from a solid 
gear blank, gear teeth with diametral pitch 
of 24 or coarser should be cut prior to 
grinding. 

The advantages of gear grinding with a 
threaded wheel are accuracy, speed, and 
ease of incorporating changes in tooth de- 
sign. Machines are also available that crown 
the gear teeth during grinding. Because me- 
chanical grinders are complicated and sen- 
sitive, a considerable amount of operator 
skill is required. However, with electronic 
CNC machines, crowning is a standard fea- 
ture. Gear grinding with a threaded wheel is 
six to thirty times fast as the other 
methods discussed in this section. 














Grinding of Bevel Gears 

When accuracy is required, grinding is 
the most economical method for finishing 
teeth as coarse as 1.5 diametral pitch on 
straight bevel, spiral bevel, and hypoid 





Section А-А. 


Setup used to grind an aircraft pinion by 
the worm wheel method 


Fig. 40 
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WS wheel 
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~-——- Path of wheel axis 


i Waguri grinding method for nongener- 
Fig. 41 oie spiral bevel and hypoid gears 


gears. With good grinding practice, bevel 
and hypoid gears can be finished with a 
tooth-to-tooth spacing accurate within 0.005 
mm (0.0002 in.). eccentricity with bore or 
shaft within 0.0064 mm (0.00025 in.), as little 
backlash as 0.025 to 0.051 mm (0.001 to 0.002 
in.), and a surface finish of 0.38 to 0.76 pm (15 
to 30 pin.). In general, any bevel or hypoid 
gear that is cut with a circular cutter can be 
ground with a wheel of similar shape and 
grinding action, except nongenerated gears 
that are cut with a face mill. 

Nongenerated (Formed) Gears. The 
gear teeth are ground by two methods. The 
first method involves a cup-shaped wheel 
that simultaneously grinds the facing sides 
and root of adjacent teeth. There is no 
generating motion. and the wheel produces 
a curved tooth whose sides have a straight 
profile. Three or four revolutions of the 
workpiece are required for the complete 
finish grinding of a bevel gear using conven- 
tional dressable wheels. A predetermined 
amount of stock is removed with each rev- 
olution of the workpiece. With CBN-plated 
wheels, the entire finishing stock is re- 
moved in one revolution of the workpiece. 
The grinding wheel makes line contact with 
the tooth being ground. This method is 
applicable for finishing hypoid and spiral 
gears and for special spiral gears that have a 
0° mean spiral angle. 

The second method is called the Waguri 
method. The grinding wheel is circular and 
has an average point width of 0.25 to 0.50 
mm (0.010 to 0.020 in.) less than the slot 
width of the workpiece. The wheel axis 
follows a circular path with a diameter equal 
to the difference between its point width 
and its slot width. Thus, the desired surfac- 
es are ground with line contact (Fig. 41). 
Conventional dressable wheels can be used 
with several revolutions of the workpiece, 
or CBN-plated wheels with one revolution 
of the workpiece. 

An A-46-J-V wheel is the conventional 
wheel commonly used to grind gears ranging 
from 2 to 10 diametral pitch. Wheel speed 
ranges from 1200 to 1400 m/min (3800 to 4500 
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275. \—Workpiece 
Gear details 
Typesscawessaae уу... Spiral bevel (octoid) 
Number of teeth ......... У 


Diametral pitch ....... 4 
Helix angle кесин 
Whole depth, mm (in.). . 
Tolerance, tooth-to-tooth, 
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. 12.010.479) 


mm (in.) 7 «0,008 (0.0003) 
Surface finish, pm (pin.) . .. .... 0.63-0.76 (28-30) 
Hardness. HRC e 55-60 
Grinding wheel 
Type 


Classification i 
Size, mm (in. .... 
Operating conditions. 
Wheel speed, at 1200 
revimin, m/min (sfm) 
Feed , 
Grinding fl 





.. MS0 3770) 
3.2 s/toothtb) 
Straight mineral oil 

(no active sulfur) 

Production rate. picces/h 12 
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-angled grinding area. (b) 12 parses per tooth. (c) At 
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Grinding of a spiral bevel gear. Dimen- 
Fig. 42 уо in figure given in inches 


sfm). The wheel is dressed automatically at 
predetermined intervals between grind 

Cubic boron nitride-plated wheels cover 
the same range of diametral pitch. Wheel 
speeds range from 1400 to 2000 m/min (4500 
to 6500 sfm). 

Generated Gears. Spiral bevel and hy- 
poid gears are ground with a cup-shaped 
wheel. The conventional grinding wheel is 
dressed to produce a smooth blend of flank 
and root profile. The core of the CBN wheel 
is machined to produce a smooth blend of 
the flank and tooth profile. The curved 
profile of the tooth is generated by relative 
rolling motion between the grinding wheel 
and the workpiece. 

Vitrified bond and resinoid bond alumi- 
num oxide cup-shaped whecls are the con- 
ventional whecls used for spiral bevel and 
hypoid gears. Typical wheel classifications 
are A-60-J-V and A-60-M-B. Wheel speed 
ranges from 1200 to 1400 m/min (3800 to 
4500 sfm). Cubic boron nitride-plated 
wheels are also used. 
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(е) 


Typical data obtained on charts generat- 
Fig. 43 „7 by automated gear-checking machines. 
(c) Tooth-to-tooth pitch error. (b) Accumulated pitch 
error. (c) Spacing error 





Generating gear teeth with a cup-shaped 
wheel produces spiral bevel gears with high- 
ly accurate tooth spacing, concentricity, 
and profile shape. The following is an ex- 
ample of a typical application of this grind- 
ing method. 

Example 2: Grinding Spiral Bevel 
Gears With a Cup-Shaped Wheel. The 
spiral bevel gear illustrated in Fig. 42 was 
carburized, hardened, and tempered before 
being ground by the generation method with 
a cup-shaped wheel. An automatic wet-type 
3.7 kW (5 hp) machine designed for grinding 
spiral bevel, Zerol. and hypoid gears was 
used for this application. Additional manu- 
facturing information is given in the table 
with Fig. 42. 


Grinding Fluids 

The use of a grinding fluid is generally 
recommended for the grinding of steel 
gears. A grinding fluid prolongs wheel life 
between dressings. flushes away chips, and 





Table 7 Comparison of gear classification systems 











Approximate DIN Quality 
AGMA quality Nota) quality No. classification. Typical application. 

(.. Commercial Appliances. hand tools, pumps. clocks, farm 
(2) — machines. fishing reels, hoists. slow-speed 
Ppisa nasa J machinery 

45 я ШП 

б 10 

8 i ә s0 Precision Instruments, aircraft engines, turbines. 

9 А 39 professional cameras. machine-tool speed 
n. ee TER drives. automotive transmissions. 
Tenesi 67 high-speed machinery 

256 

— 45 

ү paisani del Ultraprecision Military navigation, precision instruments. 
Is 23 computer equipment 

16 2 

1 


um 
(m 
a9) 


la) Nos, 1.2. 17, IR, and 19 are derived by extrapolating AGMA tolerance curves for quality Nos. 3-16. Source. J. G. Bralla, Handbook 


of Product Design for Mamafacturing, McGraw-Hill. 1986 





improves gear tooth finish. Flooding the 
work surface minimizes the possibility of 
burning the surfaces of gear teeth. The 
complete absence of grinding burn is essen- 
tial for high-quality gears. Virtually all the 
grinding fluids mentioned in the section 
“Cutting Fluids" in this article have been 
used successfully for the grinding of gears. 

In many critical gear-grinding applic: 
tions, mineral-base sulfochlorinated or sul- 
furized oils are used. Plain soluble-oil emul- 
sions have proved satisfactory for many 
gear grinding applications. Chemical solu- 
tions have also been satisfactory. Addition- 
al information on cutting fluids is available 
in the article "Metal Cutting and Grinding 
Fluids" in this Volume. 

















Surface Finish 

Grinding produces a finish unlike that 
produced by any other process. Whether 
this finish is more desirable than some other 
finish depends on the service requirements 
of the gear. In some applications. a gear 
with a ground finish operates more quietly. 
even though grinding has not improved the 
dimensional accuracy of the product. The 
effect of a ground finish. in comparison with 
other finishes, on the lubrication of gears 
has not been precisely evaluated. 

The surface finish of ground gears usually 
ranges from 0.38 to 0.80 шт (15 to 32 pin.). 





Under conditions of unusually good con- 
trol, a surface finish of 0.25 ит (10 pin.) or 
better can be produced. Surface finish 
sometimes becomes the major consider- 
ation in determining whether a gear will be 
ground. Grinding can have the dual purpose 
of correcting dimensional change from heat 
treating and of producing a finc surface 
finish. 


Gear Inspection 


As with all manufactured products, gears 
must be checked to determine whether the 
resulting product meets design specifica- 
tions and requirements. Because of the ir- 
regular shape of gears and the number of 
factors that must be measured, such inspec- 
tion is somewhat difficult. Among the fac- 
tors to be checked are the linear tooth 
dimensions (thickness, spacing. depth, and 
so on), tooth profile, surface roughness, and 
noise. Several special devices, most of them 
automatic or semiautomatic, are used for 
this inspection. 

Gear tooth vernier calipers can be used to 
measure the thickness of gear teeth on the 
pitch circle. However, inspection is usually 
done by special machines, which in one or a 
series of operations check several factors. 
including eccentricity, variations in circular 
pitch, variations in pressure angle. fillet 
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Table 8 Recommended tolerances 
in terms of AGMA quality numbers 
for various gear manufacturing 
processes 























Highest 
quality number 
With 

Process Normal extra care 
Sand mold casting.. П 3 
Plaster mold casting .......... 3 5 
Permanent mold casting 3 5 
Investment casting. . 4 6 
Die casting nm 5 Е 
Injection and compression molding. 4 8 
Powder metallurgy 6 9 
Stamping 6 9 
Extrusion. 4 6 
Cold drawing 6 9 
Milling esses енеси здОй 6 9 
Hobbing еи Е 13 
Shaping .. panei E n 
hing . arnt eines, OF 12 
Grinding. .. 10 15 
having 9 4 
e 10 15 
Lapping - 10 15 

Source: J, G. Bralla, Handbook of Product Design for Manufac- 

turine. McGraw-Hill, 198A 








interference, and lack of continuous action. 
The gear is usually mounted and moved in 
contact with a master gear. The movement 
of the latter is amplified and recorded on 
moving charts, as shown in Fig. 43. 

Noise level is important in many applica- 
tions, not only from the standpoint of noise 
pollution but also as an indicator of proba- 
ble gear life. Therefore, special equipment 
for its measurement is quite widely used, 
sometimes integrated into mass-production 
assembly lines. 

Dimensional variations in gears result in 
noise, vibration, operational problems, re- 
duced carrying ability, and reduced life. 
These problems are compounded at higher 
gear-operating speeds. The American Gear 
Manufacturers Association (AGMA) and i 
German counterpart Deutsche Industri 
Normen (DIN) have incorporated the cri! 
cal dimensions of pitch, concentricity, tooth 
profile. tooth thickness, and tooth surface 
finish into a comprehensive accuracy clas- 
sification system. Table 7 compares AGMA 
and DIN quality numbers for typical appli- 
cations. Table 8 lists the tolerances in terms 
of AGMA quality numbers for various gear- 
making processes. 
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SAWING is the process of cutting a work- 
piece with power band saws, hacksaws, and 
circular saws. Each of these methods is used 
in cutoff operations (cutting pieces to a re- 
quired length). although band sawing also 
provides a method of cutting contours. The 
most satisfactory range of material hardness 
for sawing is about 180 to 250 HB, but steels 
up to 400 HB and some frec-machining steels 
up to 450 HB can be sawed at reduced cutting 
rates. 

Table 1 compares the general character- 
istics of power band sawing, hacksawing. 
and circular sawing. In general, hacksawing 
and band sawing involve lower-cost ma- 
chines with greater versatility and a larger 
cutting range. Circular sawing produces the 
smoothest finishes and the closest dimen- 
sional tolerances, especially on nonferrous 
materials. The tool life and tool cost ratings 
in Table 1 are only general and may change 
completely for different applications. 


Band Sawing 


Band sawing involves a long, endless saw 
band traveling in one direction over two or 
more wheels. One wheel provides drive, 
and the others are idler wheels. The saw 
band must be thin enough to bend over 
driving and idler wheels, yet must have 
sufficient thickness and beam strength to 
withstand the pressures exerted during cut- 
ting. In all types of band sawing. the power 
rating of the machine limits the cutting rate 
and the thickness and hardness of the metal 
to be cut. 


Table 1 Cost and performance 
comparisons of hacksawing, band 
sawing, and circular sawing 








— "Type of machines) — —] 
Characteristics ‘Lowest Highest 
Maslin войта H ——> B 
Power requirements - B ——H 
Prodüctielly sisse Н C 
Versatility 2H ——5 6 
Tool cost. с-н 
Tool life. AE HB 
Accuracy and finish . H — B 
Kerf loss Я ов —— н 





ta) H, hucksawing machine: B. band sawing machine: С. circular 
sawing machine 





Sawing 


Band saws have a thinner cutting tool 
than the other sawing machines. Band saw- 
ing produces a kerf of about 1.6 mm (Vie 
in.); hacksawing and circular sawing pro- 
duce kerfs of 7.9 and 9.5 mm (У and Ys in.). 
respectively. Because the saw band is thin- 
ner than the other sawing tools, less power 
is required for cutting. and binding in the 
kerf is less likely. Another advantage of 
band sawing is that the uniform, continuous 
cutting action produces even wear over the 
entire length of the saw band. The blades 
for band saws are also changed less fre- 
quently because they are longer than the 
blades in other types of saws. 


Capabilities and Limitations 

Band sawing differs from the other saw- 
ing methods in that its blade and cutting 
action allow the cutting edge to follow a 
contoured path during cutting. When com- 
pared to other machining methods (milling, 
for example), contour cutting with a band 
saw has advantages such as: 


e Unwanted material is removed in sec- 
tions instead of chips 

e Downward cutting action (vertical band 
saws only) holds work to the table, thus 
simplifying fixturing 

e Narrower tooth kerf minimizes power 
requirements for cutting and the amount 
of material reduced to chips 


Contour band sawing is performed on a 
vertical band saw having a C-shaped. 
open-yoke frame. Because of the open- 
yoke frame, clearance between the work- 
piece and the frame imposes a size limita- 
tion in contour band sawing. Workpiece 
height or thickness can be as much as 1400 
mm (55 in.), whi is the maximum capac- 
ity between the guides of standard ma- 
chines. However, special machines have 
been built with yoke heights up to 3000 mm 
(120 in.). 

Convex radii of less than 1.6 mm (Ив in.) 
can be cut in a single pass using comme! 
cially available bands, thus making it possi- 
ble to produce complex contours in one 
straightforward machining operation. To 
produce internal contours, the ends of the 
saw band are welded together after the band 
has been inserted through a hole provided in 
the workpiece for this purpose. 








'ong-Blum Manufacturing Company 


The dimensional tolerances that can be 
maintained in contour and cutoff band saw- 
ing depend greatly on the dexterity of the 
operator, the suitability of the setup, tooling 
and machining conditions, and the availabil- 
ity of accessories, such as servo controls. 
‘Automated band saws have error control 
devices that can assure the accuracy of cut. 
If the blade cuts beyond the given tolerance 
of the programmed shape of the cut, then 
the machine shuts off, indicating the need 
for a blade change. In cutoff band sawing, 
cutting accuracy (straightness of cut) js usu- 
ally within 0.002 mm/mm (0.002 in./in.). 

Contouring. A servo-controlled contour 
sawing attachment maintains a constant 
feed force and, by lessening the effort re- 
quired, permits the operator to concentrate 
more fully on following the line to be cut, 
thus increasing overall accuracy. Under op- 
timum conditions, a skillful operator with 
the aid of a magnifying glass can follow а 
contour to within +0.25 or +0.38 mm 
(0.010 or +0.015 in.). A tolerance of 50.8 
mm (+12 in.) is more typical of production 
work. When using a power table for ordi- 
nary work thicknesses, the flatness of the 
cut surface can be held to 0.004 mm/mm 
(0.004 in./in.) of work thickness or per 25 
mm (1 in.) of cut length. 

Surface finish also varies with operator 
skill. equipment, and operating conditions. 
A surface roughness of 5.0 to 7.6 yum (200 to 
300 pin.) results under ordinary production 
conditions. With the use of a fine-pitch 
blade, high band speed, and low feed force, 
a finish of 1.5 to 5.0 шт (60 to 200 pin.) can 
be produced, and a surface roughness as 
low as 0.63 pm (25 pin.) has been obtained 
under specially controlled conditions. 


Types of Machines 

Most band saws are designed for either 
vertical or horizontal movement of the saw 
band, although some manufacturers offer 
combination vertical-horizontal band saws 
for light to medium-duty cutting. The band 
saws available include contour band saws, 
cutoff band saws, tilt-frame universal band 
saws, and plate band saws. 

Contour band saws are vertical ma- 
chines with C-shaped, open-yoke frames. 
Although this equipment can perform cutoff 
operations, it is seldom used for this pur- 
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pose, Cutoff operations are usually done on 
a horizontal machine. 

Contour band saws are available in a wide 
range of sizes and modifications. There are 
three general types: fixed table, power ta- 
ble, and radial arm. 

Fixed-Table and Power-Table Machines. 
With a fixed-table machine, the work must 
be fed by hand. Power-table machines, 
which are usually heavier than fixed-table 
machines, are equipped with a worktable 
that pushes the work into the saw band, 
thus relieving the operator of pushing or 
manual feeding. These machines have 
enough power to use high-speed steel 
bands, while fixed-table machines usually 
employ a lower cutting rate and carbon steel 
bands. 

Radial-arm machines are designed for 
handling large, heavy workpieces. The ar- 





ticulated structure of the equipment pro- 
vides the capability for unlimited cutting 






consists of three major 
members, of which two are movable and the 
third is stationary. The two moving mem- 
bers—an intermediate arm and a cutting 
yoke—permit the cutting edge of the saw 
frame to move anywhere within the pre- 
scribed area, while the workpiece— 
mounted on a worktable that can be raised 
or lowered—remains stationary. The long- 
est straight cuts that can be made on this 
machine are 530 mm (209 in.) across the 
crescent and 1500 mm (59 in.) to the depth 
of the crescent, as shown by the shaped 
portion of the cutting-area diagram in Fig. 1. 

Cutoff band saws cut horizontally or 
vertically, but in a straight line only. Cutting 
angle, however, is adjustable. In a cutoff. 
band sawing machine, the saw band is twist- 
ed through carbide guides to bring the blade 
perpendicular to the surface of the work- 
table. 

Cutoff band saws range from machines 
used for light, intermittent toolroom work 
to automatic production machines of high 
capacity. There are also machines for angu- 
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Radial-orm contour band sawing machine and shaded crescent showing the total area within which the 
cutting yoke can move. The workpiece, mounted on the adjustable worktable, remains stationary. 


lar cutoff. Unlike contour band sawing ma- 
chines, cutoff machines have no welders; 
prewelded bands are used (no internal saw- 
ing is done). 

Cutoff band saws can accommodate 
workpieces as large as 2000 x 2000 mm (80 
x 80 in.), and they have cutting rates up to 
19 x 10° mm?/min (30 in.?/min) in machine 
steels using welded-edge high-speed steel 
band saw blades. Cutting rates as high as 46 
x 10° mm/min (72 in.*/min) are possible 
when using blades with triple-chip tungsten 
carbide inserts. Special machines are also 
available for sawing aluminum alloys at 
rates of 260 х 10° mm?/min (400 in.?/min). 

Tilt-frame universal band saws arc 
widely used for angle-cutting operations 
and for producing compound miters. On 
these machines, the sawing head is mounted 
with pivot bearings on a moving carriage. 

Plate band sawing machines are verti- 
cal band saws used for cutting plate stock. 
These plate saws are gaining acceptance in 
steel service centers and in the steel-pro- 
ducing industry. Instead of stocking many 
sizes of bars, the service center can slice a 
bar from a plate by using this type of saw. 
The saw blade is thin and produces little 
waste. These machines have work heights 
up to 1300 mm (51 in.) and throats up to 
1525 mm (60 in.) They are capable of 
handling lengths up to 6000 mm (236 in.). 

















Fixtures and Attachments 

Much of the work done on band saws 
requires a device to hold or guide the work- 
piece. In contour band sawing. the down- 
ward cutting force of the saw band can 
assist in holding the workpiece to the table 
and simple, standard attachments are usu- 
ally adequate. When they are not, special 
fixtures must be employed. Contour band 
sawing may also require devices for guiding 
the workpiece. 

A work-squaring bar is a simple attach- 
ment that serves as a guide in making 
straight-line cuts. It consists of a movable 
workstop that is held securely to a backup 
bar by means of a cam lock. The backup bar 
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acts as the prime locator and is attached to 
T-slots in the worktable by means of T-nuts 
and socket-head screws. The movable 
workstop slides along the calibrated backup 
bar and can bc clamped to it at any point 
with the cam-locking lever. 

Contour sawing attachments provide 
additional capability for holding and rotat- 
ing the work and for work or table feed. 
Heavy workpieces are usually handled with 
table feed and, to minimize friction, are 
supported on ball transfer strips on the 
movable table (Fig. 2). The sprocket is 
mounted on an extension arm that is 
clamped to the movable table, and the roller 
chain feeds the workpiece into the saw 
band. Servo control on the hydraulic feed 
system maintains a constant feed force at 
the value selected for the job, regardless of 
variation in radius of cut, work thickness, 
work hardness, or other factors. Turning 
the hand control wheel rotates the sprocket 
and pulls the chain to rotate the workpiece 
as needed to follow the contour of the cut. 
Three positions of a foot switch give for- 
ward or reverse feed or stop. 

Light workpieces rest directly on the ta- 
ble and can be manipulated and fed without 
the use of table feed. Instead, the workpiece 
is fed into the saw band by a roller chain 
partly wrapped around the workpiece (or 
around a work-holding jaw containing the 
workpiece). In this arrangement, the table- 
feed piston is disconnected from the table 
and exerts the feed force against a movable 
extension arm that holds the sprocket. Ser- 
vo control of hydraulic feed pressure can be 
used, as described above, but it is needed 
less often than for cutting heavy work- 
pieces. Turning the hand control wheel ro- 
tates the workpiece as desired. On fixed- 
lable machines. the feed force can be 
supplied by weights attached to the chain or 
by other means, and the work-holding jaw 
can be rotated manually by handles at- 
tached to each end. 

A servo-feed attachment facilitates the 
handling of heavy work and improves pro- 
ductivity, resulting in more accurate work 
handling and the avoidance of underfeed or 
overfeed. A servo-feed attachment can also 
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result in an improved surface finish, as 
described in the following example. 

Example 1: Sawing Aluminum Honey- 
comb Sections. In the contour band sawing 
of aluminum hobe blanks (unexpanded hon- 
eycomb sections) to obtain a surface finish 
of 2.8 to 3.8 pm (110 to 150 pin.), optimum 
results were obtained with the following 
tooling and operating conditio n 8-pitch, 
regular-form blade; a band spec of 915 m/ 
min (3000 sfm); and a constant, hydraulical- 
ly controlled feed of 1900 mm?/min (3 in."/ 
min) (for a 50 mm, or 2 in., section thick- 
ness). These conditions provided a surface 
finish of 3.3 to 4.0 рт (130 to 160 шіп.). The 
surfaces obtained by manual feeding were 
poor. 

Welders. Most contour band sawing ma- 
chines are equipped with built-in resistance- 
type butt welders to make possible the 
cutting of internal contours. The saw band 
is cut to length, threaded through a hole 
drilled in the workpiece for this purpose, 
and welded into a continuous band. The 
weld is annealed and ground, and the band 
is placed on the machine. 

To obtain optimum cutting performance 
and maximum life from a saw band, the 
weld area should be identical in strength 
and flexibility to the remainder of the band. 
Welds in carbon steel and welded-edge 
bands approach this ideal more closely than 
those in solid high-speed steel or intermedi- 
ate-alloy tool steel bands, because welds in 
the latter two materials are somewhat brit- 
tle. as a result of the short welding and 
annealing cycle used. (The solid high-speed 
steel and intermediate-alloy bands are ob- 
solete.) 

Vises and Nesting Fixtures. Workpieces 
must be held securely during cutoff opera- 
tions. The work is clamped in either a vise 
or a nesting fixture, depending on the 
shape. size, and quantity of pieces to be 
held. Rectangular and square bars can be 
readily stacked and held firmly in a vise; 
small and medium-size rounds can also be 
clamped two abreast and held firmly in a 
vise. However, holding a larger number of 
stacked rounds requires the use of a nesting 
fixture such as that shown in Fig. 3. This 
type of fixture is widely used for stacking 
pipe and structural shapes. Stack sawing 
with the aid of a nesting fixture is most 
effective when the total area to be sawed is 
roughly half the capacity of the nesting vise 
and when the nest is higher than it is wide. 
Special precautions must be taken in the 
stack sawing of round pieces to ensure the 
positive clamping of all pieces because the 
rotation of a piece during cutting can cause 
premature band failure. Instead of being 
stacked as shown in Fig. 3, a number of 
round, hexagonal, or irregularly shaped 
bars can be held by special jaws in standard 
vises. 

Worktables. The cutoff band saw is usu- 
ally equipped with at least two work- 






































width to a spring temper. This allows the 
blade to be tensioned on the band saw to à 
higher degree for increased beam strength. 
After spring tempering, the teeth are heat 
treated to full hardness, 

A typical nominal composition for carbon 
steel bands is: 
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Р Nesting fixture used with a standard vise in 
Fig. 3 слон bond sawing 


tables—a stack feeding table on which are 
mounted one or more vises for gripping and 
indexing the work to be cut, and a discharge 
table that provides continuous support for 
the workpiece and the stack from which it is 
cut. These tables are made in various 
lengths to suit operating requirements, and 
additional tables can be added to accommo- 
date the longest stack length being handled. 

Cutting fluid systems are essential for 
the effective performance of cutoff band 
saws. They consist of a reservoir and pump, 
a screening system for chips, draining ele- 
ments, and a chip drawer or automatic chip 
remover. The system must be drained and 
cleaned when changing from one type of 
cutting fluid to another or when replacing 
contaminated fluid. Mist or spray systems 
are sometimes used to apply the cutting 
fluid. 


Band Construction 
and Materials 


Bands are made of carbon steel or are a 
bimetallic type. The bimetallic, or compos- 
ite, types are made with high-speed steel 
cutting edges that are electron beam welded 
to a high tensile (AISI 6150) steel back or 
with tungsten carbide inserts brazed or 
welded to a high tensile, alloy steel back. 
These welded-edge composite bands have 
replaced the carbon and the solid high- 
speed steel bands. 

Carbon steel bands are seldom used for 
the contour band sawing of metals as they 
have been replaced by the composite weld- 
ed-edge bands. Fixed-table machines sel- 
dom have adequate power. feed mecha- 
nisms, and cutting fluid distribution systems 
for other types of bands. Satisfactory cut- 
ting rates and tool life are obtained in saw- 
ing carbon and low-alloy steels. tool steels, 
and the more readily machinable nonferrous 
alloys. 

Carbon steel bands come in two types: 
the flexible-back band and the hard-back 
band. The flexible-back band is not heat 
treated across its entire width. Only the 
teeth are heat treated to increase their hard- 
ness and wear resistance. The hard-back 
band is first heat treated across its entire 


Welded-edge high-speed steel bands 
are used on heavy-duty machines equipped 
with systems for circulating cutting fluid. 
These are usually power-table machines rat- 
ed at 1.1 kW (17^ hp) or more and designed 
for continuous, high-volume production. 
The welded-edge bands have replaced the 
solid high-speed steel bands and are used 
under the same operating conditions as the 
solid high-speed stecl bands. 

Welded-edge high-speed stecl bands give 
higher cutting rates and longer tool life than 
carbon steel bands in cutting the same ma- 
terials, and they are required for contour 
sawing the more difficult-to-cut metals, 
such as stainless steels, heat-resistant al- 
loys, the more highly alloyed tool steels, 
and some nonferrous alloys. The cutting 
edge of these bands are usually made of M2, 
Matrix 2 or M42 high-speed stcel. (See 
Table 2 for material composition.) Welded- 
edge bands coated with titanium nitride are 
also available for difficult applications and 
increased tool life. 

Carbide Inserts. Bands with tungsten 
carbide cutting edges brazed or welded to 
an alloy steel back are used for cutting the 
most difficult-to-machine alloys, such as 
nickel-base and cobalt-base heat-resistant 
alloys, and for sawing sections thicker than 
about 150 mm (6 in.) of common metals. 
Compared to high-speed steel, these blades 
have relatively low shock resistance, but 
they provide maximum hot hardness and 
wear resistance. 

Hardening of Bands. Heat-treating pro- 
cedures vary with band material and manu- 
facturer. Hardness of the teeth for carbon 
steel bands is usually 63 to 65 HRC after 
tempering. 

To improve service life and cutting per- 
formance, special procedures are employed 
10 impart increased hardness and strength 
to the body of the band by increasing back 
hardness from 25 to 32 HRC to 40 to 47 
HRC. Most manufacturers flame harden or 
induction harden the cutting edges to about 
63 or 65 HRC. 

The components of welded-edge high- 
speed steel bands are selected so that opti- 
mum properties for the teeth and the back 
of the band are developed in a single-tem- 
perature heat treatment. The composite 
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bands combine the welding characteristics 
and fatigue properties of carbon steel with 
the heat resistance and wear resistance of 
high-speed steel. 





Tooth Form 

As shown in Fig. 4, steel bands are avail- 
able in three tooth forms: regular, skip, and 
hook; bands with carbide inserts are also 
available in a special form. Individual man- 
ufacturers of saw bands have referred to the 
tooth shapes by various names; the termi- 
nology followed in this article is based on 
“Simplified Practice ^ Recommendation 
R214-55" (U.S. Department of Commerce). 

The regular form is the only form avail- 
able for saws that arc finer than 6-pitch in 
straight teeth or uniform number of teeth 
per 25 mm (1 in.). For 6-pitch and coarser, 
the hook form provides the best tool life and 
the fastest cutting rate. For optimum sur- 
face finish, either a regular or a skip tooth 
form is usually recommended. 

The regular tooth form is most frequent- 
ly used in contour band sawing. It has a 
deep gullet with a smooth radius at the 
bottom. The rake angle is normally 0°, al- 
though positive rake angles applied to reg- 
ular tooth forms allow faster cutting and are 
now available from most manufacturers. 
‘The back clearance angle is about 30° (sce 
Fig. 5 for an explanation of the nomencla- 
ture applied to blade angles). This tooth 
form produces fine-finish cuts accurately 
and has ample chip capacity for most saw- 
ing operations. The largest selection of 
widths is available in this form. 

The skip tooth form is similar to the 
regular tooth form except that the teeth are 
more widely spaced to provide greater chip 
clearance. The skip tooth form has a special 
gullet design, but rake angle and back clear- 
ance angle are the same as in the regular tooth 
form. Because of its shallow gullet, the skip 
tooth form may have a coarser pitch on a 
narrow band. This tooth form is recommend- 
ed for making deep cuts in soft metals. 

The hook tooth form has a positive rake 
angle that permits faster cutting rates, re- 
duced feeding pressures, and longer tool life. 
The back clearance angle is slightly less than 
that of the regular and skip tooth forms, and 
the wide gullet is of a special design. 





Blade Design 
Pitch, width and thickness of the blade, 
and type of set and set dimension are im- 
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portant factors in the selection of a blade for 
a particular application. 

The pitch of a saw blade is the number of 
teeth per 25 mm (1 in.) of blade. Each of the 
tooth forms previously discussed is avail- 
able in various pitches. The pitch of a blade 
is primarily selected on the basis of the 
thickness and shape of the cross section to 
be cut; the type of material to be cut is of 
minor importance. Therefore, a given cross- 
sectional thickness of aluminum, low-car- 
bon steel, or tool steel would be cut with 
blades having identical pitch, although 
speed and feed would vary. 

At least two teeth must remain in contact 
with the workpiece at all times; it is prefer- 
able to have more teeth in constant contact, 
thus reducing proportionately the load on 
each tooth and increasing tool life. There- 
fore, thin sections are usually sawed with a 
blade of 10-pitch or finer, while heavier 
sections employ a coarser pitch. A pitch as 
coarse as 3 or 4 is used to cut thick sections, 
and bands with a pitch less than | tooth per 
25 mm (1 in.) have been developed for 
sawing very thick sections. 

Aside from the basic relationship be- 
tween tooth pitch and the thickness of the 
workpiece to be cut, a tooth that is too small 
for a given application will cut at a slow rate 
and will bind and load up. If a tooth is too 
large for the application, tooth breakage and 
stripping are likely. 

The noise from band sawing can be re- 
duced by using blades with different pitch 
combinations. These blades have a variable 
pitch pattern, where the spacing between 
the teeth varies and repeats itself about 
every 25 to 50 mm (1 to 2 in.). This variable 





Table 2 Band saw blade composition 
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spacing of the teeth causes interference in 
the sound patterns thus reducing the ampli- 
tude of the resultant noise. Variable tooth 
spacing also reduces the amplitude of vibra- 
tions, which is particularly important when 
sawing thin workpicces. 

Blade Width. Beam strength increases in 
proportion to the cube of the blade width, 
thus permitting the use of higher feed force. 
In addition, the accuracy of cutting along a 
straight line is greater for wider blades. 
Instead of increasing blade width when 
greater beam strength is needed for difficult 
straight cuts, the band is sometimes sup- 
ported by a carbide-faced backup plate of 
the same thickness. 

The thickness (or gage) of a saw blade is 
usually not open to choice; it has been 
standardized. Therefore, blades that are 13 
mm (V^ in.) in width or less are generally 
0.64 mm (0.025 in.) thick, 16 and 19 mm (% 
and ¥% in.) widths are generally 0.81 mm 
(0.032 in.) thick, and a 25 mm (1 in.) width is 
0.89 mm (0.035 in.) thick. Blades that are 32 
mm (1% in.) wide are generally 1.1 mm 
(0.042 in.) thick, a 38 mm (1% in.) width is 
generally 1.3 mm (0.050 in.) thick, and 
widths from 50 to 120 mm (2 to 4% in.) are 
1.6 mm (0.063 in.) thick. Beam strength 
increases linearly with thickness. 

In general, a blade of standard gage is 
adequate for all applications except those 
involving large workpieces and requiring 
extreme accuracy. For these applications, a 
heavier gage is recommended because it 
will offer increased resistance to side dis- 
placement. Similarly, in cutting the more 
difficult-to-machine alloys, a thicker blade 
will cut more efficiently up to the full ca- 
pacity of the machine. 

Set. The teeth of a saw band are inten- 
tionally offset to provide clearance for the 
back of the band and to permit the cutting of 
contours. The set dimension is the distance 
from the extreme corner of one tooth to the 
extreme corner of the tooth set to the op- 
posite direction. The maneuverability of the 

















T Composition, 9 ] Heat resistance, Hardness, НЕС 
Product c Si Mn Cr VW M Co "Cen Teeth Body 
M-2 high-speed welded-edj 

band saw 5. 0.79-0.86 0.25 0.35 4.25 1.95 6.50 5.00 s 540 64-66 40-47 
(1000) 

Matrix band заз/........... 0.70-0.78 0.30 0.25 425 100 100 5.00 8.00 590 65-67 40-47 
(1100) 

Cobalt M-42 band saw...... 1.05-1.10 025 025 375 LIS 1.50 9.50 8.00 700 67-69 40-47 
(1300) 
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Table 3 Recommended band width 
for the contour sawing of various 
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band increases as band width decreases 
(Table 3) and as the set dimension in- 
creases, 

Both the raker and wavy set patterns are 
used for sawing metals (Fig. 6). The raker 
pattern is developed by a series of three 
consecutive teeth: one set to the left, one on 
center and one to the right. This pattern is. 
repeated for each successive group of three 
teeth. (Raker set is also available in 5/7 
pitch combination patterns.) In contrast, 
the wavy pattern consists of series of teeth 
that are gradually offset, first to the right 
and then to the left, to form a wavelike 
pattern, 

Raker set blades are recommended for all 
sawing applications except those involving 
workpieces with marked changes in cross 
section, such as tubing, pipe. and structural 
shapes, or in thin cross sections. The wavy 
set performs better than the raker set in thin 
cross sections because they cut into the work 
more gradually and uniformly, thus minimiz- 
ing shock loading of the cutting teeth. 

Special Saw Blades. In addition to the 
types of blades already described, three 
special types—spiral tooth, diamond edge, 
and aluminum oxide edge—are available. 
The spiral tooth blade is capable of cutting 
accurate contours to a minimum radius of 
0.25 mm (0.010 in.). Because it has an 
effective cutting edge of 360°, it is well 
adapted to cutting intricate patterns in light- 
gage metal. Diamond-edge and aluminum- 
oxide-edge blades can be used to cut metals 
that are extremely tough, such as nickel- 
base and cobalt-base heat-resistant alloys 
and steel that has been heat treated to high 
hardness. Both types of blade generate a 
great deal of heat, and the use of a cutting 
fluid is mandatory. 





























Band Selection 

The most widely used welded-edge high- 
speed steel bands are available in at least 
three metallurgical grades: M2, Matrix 2. 
and M42 (see Table 2 for material composi- 
tion). For the production sawing of a very 
thin walled steel tubing (<1.5 mm, or 0.060 
in.) or a very small bar size, M2 with a tooth 





Table 4 Nominal speed, 
sawing of steel bars 


cutting rate, 


and band life for the cutoff band 


















































Band life in 
Hard- jes Band speedia) CE d Cutting rate(u) | terms of total area cut(b) 
Steel being cut mes. HB тиіп sm 1 gam? x MÜmin {айта mm? x Ain? x IP 
Carhon and low-alloy steels. 
1008-1013.. 325-275 14-10 43 67 
1015-1035... 350-300 15-11 48 7.5 
1036-1064 . 225-190 9-7 27 4.2 
1065-1095 . 170-148 8-5 19 3.0 
1108-11. 350-7 15-12 5.2 8.0 
1137-1151 260-225 10-8 MS 54 
1212-12! к 350-300 15-12 5.5 8.5 
1330-1345. .200-220 65-58 210-190 86 23 3.5 
4021-4047, . 170-220 80-70 260-230 Bh 24 37 
4130-4140... -190-215 75-67 250-220 9-7 24 33. 
4320-4340... .200-250. 70-55 230-180 7-5 19 3.0 
4815—4820. -...220-M0 58—53 190-175 6-4.5 16 25 
5046 .. 170-190 75-67 250-220 9-7 24 3.3 
5140-5160. ~~ 200-220 70-60. 230-200 6.5-5 L6 25. 
50100-52100... + 210-230 50-37 170-120 6-4 1.6 2.5 
6118-6150. ..180-220 68-45 7.5-4 13 2.6 
8615-8645. ~ 160-220 70-53 7-5 2.5 3.8 
8720-8740. * 180-215 68-53 7-5 205 3.7. 
9310 ..210-340 53—45 43 13 2.0 
Tool steels. 
. 155-195 67-55 220-180 6-5 19 3.0 
150-110 43 10 1.5 
210-180 6-4 L6 2.5 
200-170 43 15 M 
120-90 E 1.0 1.5 
90-60 2. 0.55 0.85 
190-160 5-4 13 2.0 
130-100 3.5-2 11 17 
100-70 2.5-1 0.7 1.2 
75-80 2 0.6 1.0 
150-120 4 5-3 ы 17 
110-80 3 42 1.0 1.5 
x 0 90-60 1.6-0.6 25-1 0.7 12 
190-230 55-49 180-160 3.9-2.6 64 1.6 2.5 
2 130-190 37-24 120-80 6-1.3 19 30 
. 303 зёў 150-200 40-27 130-90 2-1.3 24 33 
308, 309, 310. 330. 80-60 .3-0.6 0.85 13 
314. 316, 317 75-50 3-0.6 0.75 12 
347. 120-90 .6-1.3 1.5 24 
140-100 6-1.3 1.0 t5. 
180-140 .5-3.2 16 25 
90-60 2.6-1.9 IB 13 
110-70 2.6-1.3 1.0 1.5 
F, . 130-100 2.6-1.3 0.8 13 
17-7 PH. 174 PH 90-50 26-23 11 17 








(а) Based on the use of 
about 250 mm, or 10 in.I. raker set. to 
for D2. D3. and D7 tool steels, which are cut dry. (b) For 3 m (10 fti 
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tip hardness of 64 HRC is recommended. 
For sawing carbon and alloy steels. a cut- 
ting edge of Matrix 2 with a tooth tip hard- 
ness of 67 HRC or variable pitch blades 
with Matrix 2 edges are recommended. For 
sawing high-temperature alloys, heat- 
treated steels, stainless steels (such as type 
304, type 316, type 347, and 17-4РН). and 
superalloys such as A-286, an M42 tooth tip 
hardness of 69 HRC is advised. When saw- 
ing diameters of 100 mm (4 in.) or greater, 
the M42 blades are most suitable. In addi- 
tion, the M42 blades should have a positive 
rake, rather than the standard 90° rake 
design, for easier and greater penetration. 
Finally, when sawing superalloys such as 
Inconel 718, Waspaloy. Astroloy, and 6/4 
alloy titanium in large sizes, improved effi- 


ciency may be achieved by using carbide-tip 
band blades. Special welded-edge blades 
are also available for these applications. 
They utilize changing width patterns to 
force the teeth to cut below any work- 
hardened layers. Welded-edge blades are 
generally more economical than carbide- 
tipped blades for these applications. 

Band Width. To maintain accuracy and a 
high cutting rate, the widest band capable of 
cutting the desired radius should be used 
during contour band sawing (Table 3). Wid- 
er bands are also used in cutoff operations 
because only straight-line cuts are made. 
Wider bands provide greater beam strength 
and permit higher loading. Bands 25 to 125 
mm (1 to 5 in.) wide are preferred in cutoff 
operations. 
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Table 5 Nominal speed, cutting rate, 
sawing of nonferrous alloys 


and band life for the cutoff band 





Band life in terms 
































Hard- (— Rand speeda) of total area cut(h) 
Work metal пез, HB | mmi мт mex 108 in? x qo 
Copper alloys 
170, beryllium copper 100-120 84-60 — 275-200 к 2.5 38 
220-250 68-53 225-175 64 17 27 
310-340 43-27 140-90 32 Ll 17 
510, phosphor bronze 5% A... 60-100 90-75 — 300-250 10-8 37 58 
180-210 53-38 175-125 5-3 1.6 25 
614, aluminum bronze D 70-90 106-90 350-300 14-10 43 6.7 
190-220 53—38 175-125 5-3 1.6 2.5 
656, high-silicon bronze. . 70-100 100-384 325-275 15-12 48 TS 
180-210 51-38 175-125 63 16 25 
675, manganese bronze A. 95-120 100-584 325-275 a2 48 75 
180-190 6045 — 200-150 6-4 17 23 
Nickel alloys. 
Inconel . 150-200 — 30-18 100-60 1.9-1.3 32 04 0.65 
Inconel X-750 200-300 — 24-18 80-60 10.3 1.5-0.5 0.25 04 
Monel 400. ..... 125-200 3-18 100-60 1.9-0.6 3-1 0.55 0.85 
Monel R-405. 145-180 — 45-23 150-75 26-1.3 42 06 Lo 
Monel K-500 160-210 24-18 80-60 1303 2-0.5 03 0.5 
Monel 501. 160-210 — 30-18 100-60 1.9-0.6 3-1 0.5 0.85 
Hastelloy А 210-260 3723 12075 19410 xis 06 10 
Hastelloy B 230-270 30-23 100-75 16-06 2,5-1 0.55 0.85 
Hastelloy С.. IBS 27-18 90-60 10045 1507 оз 06 
Titanium alloys 
Ti: Ti-1.8 Fe-2.5 Cr * 270-350 90-60. 0.6-0.2 1-0.3 .25 0.4 
ТЕ4 АЇ-4 Мп; Ti-b ААУ. 290-360 10-00 — 13-39 26 15 24 
Ti-2 Fe-2 Cr-2 Ме... 300-330 90-60. 1.0-0.3 1.5-0.5 0.48 0.75 








4) Based on the use of 25 mm (1 in.) wide high-speed steel band. regular tooth form (except hook tooth form for metal thicker than 
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Noise Reduction, When the pitch of the 
blade is varied (or modulated), a smoother, 
quieter operation results. At recommended 
speeds, the noise from a pitch-modulated 
blade seldom exceeds 80 dB. 








Machining Variables 
Speed, feed, and thickness of work are 
variables in cutoff and contour band saw- 


Table 6 Speeds for the contour band 
steels 
Data are based on the use of a suitable cutting fluid. 


ing operations. Metal composition, hard- 
ness, structural homogencity, and work- 
hardening potential are also important 
variables. 

Cutoff Operations. Nominal speed, cut- 
ting rate, and band life for the cutoff band 
sawing of various metals are given in Tables 
4 and 5. Tables 4 and 5 arc based on the 
cutting of scale-free rounds, 75 to 125 mm (3 


sawing of carbon and low-alloy 








[ 
Г 








Speed, тїтїп (sm), for stock thickness of: — — —] 


Carbon steel bands — 37 


— High-speed чен bands(s) — —À, 























64-13 mm — 25-75 mm 150-200 mm 64-13 ат 25-75 тт 150-300 mm 
Steel being cut Hardness, HB — (м-нын (I-Sin. Me) (6-12 ined) (YOM imate) (1-3) — (6-02 in.Xd) 
1008-1013 + 150-175 601200 — 45(150 — 38025) 1060350) 81 (265) 53 (175) 
1015-1035 160-175 68 (225) 53175) 38 (125) 1060350) %5 0280) 600200) 
1036-1064 ‚160—180 45150) 300100) 237% 76050 55 180) 37020) 
1065-1095... 180-205 45 (150) 300100) 20065) 68 (225) 490160) 300100) 
1108-1132 175 B0260) 65 (2100) 41 (1358) 1300425) 941310) 600200) 
1137-1151 : 180 68 (225) 530175) 33010) 98 (320) 70 (2309 45 (150) 
1212-1213 150-175 W4(275) — 68(225) 44 0145) — 137(450) 981320) 60200) 
1330-1345 4sü50 — 30000 21 (70) 75 (245) 550180) 38025 
4023-4047 45 0150) 38025) — 27(90) 105 (345) 7602500 45 (150) 
4130-4140 ЭЖ (025) BOS 15 650) 981320) 67 (2209 ЗК (125) 
4320-4340 37 (1000) 20465) 15 (50) 84 (275) 58 (190) 33010 
4815-4820 5 38 (125) BIS 15 (50) 73040  S2(70 — 300100) 
5046 ‚170-190 ЗВ (125) 23 (75) 15 (50) 91 (300) 70 (230) 45 (150) 
5140-5160... 200-220 Э7 (120) 24 (80) 15450) 85 (280) 600000) 38 (125) 
50100-52100 ., -210-230 45 0150) 30000 — 15 (50) 64 (210) 40035 — 2160 
6118-6150... 180-220 38 (125) 2308) 15 (50) 79 (260) 53 (175) 29095) 
8615-8645 3010 — 20 (65) 15 050) 87 (285) $2070 32 (105) 
8720-8740 180-215 33(110) 206% 15 (50) 85 (080) 49(160 — 30(100 
9310 ..210-240 30000) — 1550) 15 (50) 68 (225) 46 (150) — 27(90 


(a) Data are also suitable for welded-edge high-speed steel bands. (b) Regular tooth form: H4-pitch: minimum feed force. ic) Regular tooth 


form: 6- to pitch: average feed force. (d) Hook tooth form: 3-pitch; maximum feed force. (e) Regular tooth form: 
feed force. Source: Data are adapted from tables in “Fundamentals of Band Machining,” Wilkie Brothers Found 


pitch; minimum 
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to 5 in.) in diameter, with 25 mm (1 in.) wide 
high-speed steel bands, and are applicable 
to solid bar stock up to 450 mm (18 in.) 
thick. Substantial amounts of scale on the 
work will necessitate the use of lower band 
speed and cutting rate and will shorten band 
life, particularly in cutting thin material. 

Cutting of Hollow Shapes. Optimum 
cutting rates are obtained in sawing solid 
materials because many teeth are uniformly 
loaded at all times. In sawing pipe, tubing, 
and structural sections, only a fraction of 
the total cross section through which the 
saw band must pass is metal, and the cutting 
rate must therefore be lower to keep the 
feed force per tooth at an acceptable level. 

The following factors, which depend on 
the minimum wall thickness to be cut, 
should be applied to the cutting rates of 
Tables 4 and 5 to estimate rates for sawing 
pipe, tubing, and structural shapes: 





Г Minimum wall thickness — 








mm и. Factor 
ET «Ye. esses 04 
489.5 Vic. Lesser eee d 
9.5-16 WW M 006 
>16 от MN Binh] 





The pitch of the saw band should be 
selected on the basis of the minimum wall 
thickness to bc sawed. 

Contour Operations. Tables 6 through 11 
list nominal speeds for the contour band 
sawing of various metals in different ranges 
of thickness. These data are intended to 
serve as starting points for the selection of 
optimum sawing conditions for specific ap- 
plications, 

Feed rate is given in the footnote of 
Tables 6 to 11 only in a generalized way, 
that is, as a minimum, average, or maxi- 
mum feed force. Feed rate is usually con- 
trolled by adjusting feed force (9 to 35 N/ 
tooth, or 2 to 8 Ibf/tooth) to obtain the 
proper cutting action, as gaged by the for- 
mation of a clean, tightly curled chip or by 
obtaining a cutting rate determined by expe- 
rience to be optimum for the work material, 
stock thickness, equipment, and saw band. 
Linear cutting rates are summarized in Ta- 
ble 12. 

Work Metal Composition and Hard- 
ness. The general effects of work metal 
composition and hardness are reflected in 
Tables 4 to 11. Tables 4 to 11 apply directly 
only to the hardness ranges shown, which 
represent the conditions in which the metals 
listed are most frequently sawed (as rolled 
or annealed). Speed and feed should be 
adjusted when metals in other ranges of 
hardness are sawed. Lower band speed 
(and feed force) is usually required for the 
higher hardnesses of a given work metal 
(sce data for carbon and low-allow steels in 
Table 13). There are, however, exceptions 
in which the reverse is true; for example, 
higher speeds are required for sawing free- 
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Table 7 Speeds for the contour band sawing of tool steels 
Based on the use of a suitable cutting fluid, except for D2, D3, and D7, which are sowed dry 
Speed, mimin (sfm), for stock thickness of: 























pre EE m 
wear ad emo qiiem 
Steel being cut Hardness, HB (48—45 in. Mb) (1-3 im) (6-42 in.Kd) (04-0 іа.е) (1-30 (6-12 ind) 
Wi.. 45 (150) 30 (100) 15 (50) 82 (270) 55 (180) 30 (100) 
82, $5 24 (80) 15 (50) 15 (50) 58 (190) 37 (120) 18 (60) 
01,02.. 45 (150) 30 (100) 15 (50) 80 (260) 55 (180) 30 (100) 
A2.. Ms T 50 (170) 30 (100) 20 (65) 76 250) 53 (175) 30 (100) 
D2(g), D3g) „215-240 30 (100) 18 (60) 15 (50) 45 (150) 30 (100) 15 (50) 
Dig). . Я 230-255 24 (80) 15 (50) 15 (50) 33 (10) 21 (70) 15 (50) 
H12, H13, H21 ..205-230 30 (100) 18 (60) 15 (50) 73 (240) 49 (160) 27 (90) 
Тыв). TR)... ea oe 220-295 27 (90) 17 (55) 15 (50) 38 (125) 24 (80) 5 (50) 
Máig), M10(g), MISQU . 215-240 27 (90 15 (50) 15 (50) 3 (110) 2100) 15 (50) 
L6 — Monte ..190-230 30 (100) 20 (65) 15 (50) 70 (230) 49 (160) 27 (90) 





сей steel bands, (b) Regular tooth form; H-pitch; minimum feed force, except average 
хад Daa ате амо ы а are вонай tc} Regular tooth form: 6- to t pitch; average feed force, except maximum feed force for Mer 
feed Torce fot sed. dy Hook tooth form, Y-piüch: maximum feed force. (c) Regular tooth form: 10-pitch: minimum feed force. except 
tat Seed force for tec» that are footnoted. t) Regular tooth form: érpitch: average feed force, except maximum [ced e for steels 
average feed farce ог Opevating conditions for these tool steels differ slightly from those for the other tool steels; differences, are 
indicated in fotnotes [i CET! and (D. Source: Data arc adapted from tables in "Fundamentals of Band Machining." Wilkie Brothers 
icundation. 





(a) Data are also suitable for wekled-edge high 












Table 8 Speeds for the contour band sawing of cast iron (125-250 HB) 
with high-speed steel and carbon steel saw bands 


Dota ore based on dry sawing. 
























TREE — Speed. mimin (sfm), for stock thickness of: — — >) 
Work metal 64-13 mm. 25-75 mm. 150-90 mm. 
(ASTM grade) (4-10 in.) (41-3 inb) 46712 im. c) 
High-speed steel bandsid) 
Gray iron 
Class 30. 76 (250) 56 (185) эз (110) 
Class 35 60 (2000) 44 (145) 50 (165) 
Nodular iron 
60-45-10; 65-45-12 120 (400) 90 (300) 60 200) 
. 73040) 55 (180) эз (110) 
1 6000 34 045) 49 (160) 
Malleable iron 
32150; 35018 ++. 106 (350) 75 (250) 49 (160) 
53004: 60003. . . 70230) 49 (160) 49 (160) 
Carbon steel bands(e) 
Nodular iron 
60-45-10; 65-45-12... 2 76050) 60 (200) NR 
Malleable iron 
32510; 350!8............ 64 (210) NR NR 


[oh Regular tooth form: 10 pitch for high-speed ecl Pun 14-pitch for carbon steel bands; minimum feed force, (b Regular tooth form: 
hitch for high-speed steel bands, Vitch for carbon steel; average feed force. (c) Hook tooth form for class 59 gray iron, 60-45-10 and 
берле ee lend 32510 malleable. and carbide tooth form for the other cast irons; 2.5- to Swpitch; maximum feed force: t) 

M к aned elpe high-speed steel bands, (e) Use of carbon steel bunds is recommended only forthe cast irons und conditions 
Shown; NR. not recommended. Source Data are adapted [rom tables in "Fundamentals of Band Machining." Wilkie Brothers 
‘oundation 









Table 9 Speeds for the contour band sawing of stainless steels with M42 
welded-edge high-speed steel saw bands 


Data are based on the use of a suitable cutting fluid. 

















q Speed, vin (dm), for stock thickness of: 
64-13 mm. 25-75 mm 150300 mm 
Steel being cut Hardness, НВ (4-1 in. a) (1-3 inb) (6-12 inc) 
201, 202, 302, 304 130-190 45 (150) 30 (100) 21 (70) 
303, 3039F ...... á . 150-200 49 (160) 40 (130) 30 (100) 
308(d), 309(4). 31064). 33064)... 160-220 33 (110) 24 (80) 15 (50) 
314td), 31608), 31709) 160-220 29 (95) 18 (60) 12 (40) 
321,341... и 165-200 45 (150) 30 (100) 2100) 
410, 420, 420F . 140-185 53 075) 33 010) 26 (85) 
416, 430F .... sarayan 195-195 70 (230) 49 (160) 24 (80) 
430, 446 ин TIERS 43 (140) 27 (90) 21 00) 
440 Atd), Bid), Cid). 160-190. 33 (110) 27090) 15 (50) 
ДА0Е, 443 ......;...хз++ 175-215 43 (140) 35 (115) 18 (60) 
17-7 РНКа), 17-4 PH) 150-360 33 (110) 21 (70) 15 (50) 


(ш) Regular tooth form: H-pitch; minimum feed force, except average force for steels that are footnoted (b) Regular tooth forro; Ep 
a etu олсе, except maximum force for steels that are footnoted. (c) Hook tooth form: X pitch: maximum feed force- d) Operatie 
avere е Ө йске steels are slightly different from those for the others. аз defined in footnotesta) und (b). Source: Data are 
арте from tables in "Fundamentals of Band Machining." Wilkie Brothers Foundation. 





cutting steels similar to 1112 to 1117 in the 
hardness range of 150 to 200 HB than in the 
range of 100 to 150 HB, as indicated in 
Table 13. 

Effect of Work Thickness. The pitch of 
the blade must be greater for thin material. 
The recommended tooth form may be dif- 
ferent when thickness exceeds about 75 mm 
(3 in.). For example, in contour sawing 1015 
steel with a high-speed stcel band, a section 
thickness of 25 mm (1 in.) indicates the use 
of a 6-pitch band with regular tooth form 
and a band spced of 85 m/min (280 sfm). 
However, a 180 mm (7 in.) section calls for 
а 3-pitch, hook tooth band and a band speed 
of 60 m/min (200 sfm). In cutting 316 stain- 
less steel of the same thickness, blade re- 
quirements remain unchanged, but cutting 
speed is markedly reduced. When sawing 
irregular shapes, blade selection and band 
speed should be based on the thinnest sec- 
tion to be cut in traversing the workpicce. 

Effect of Stacking. When sheet materials 
are stacked for contour band sawing, selec- 
tion of the saw band should not be based on 
the total thickness to be cut, but more 
nearly on the thickness of ап individual 
sheet. Therefore, if a 10-pitch blade would 
normally be required to cut a single sheet, 
this would be slightly modified when cutting 
a stack of sheets, and ап 8-pitch blade 
would be used. Band speed should be re- 
duced to that called for by the total thick- 
ness of the stack. 








Cutting Fluids 

Cutting fluids are used to provide lubrica- 
tion and to prevent chip weldment and over- 
heating of the saw band and the workpiece. 
Sometimes the use of fluids can be harmful in 
sawing certain work-hardening alloys if the 
fluid interferes with the cutting action and 
creates a rubbing or sliding action instead. 

Types of Cutting Fluid. Three general 
types of cutting fluid are used in contour 
band sawing: mineral oils that contain no 
water, emulsions of soluble oil and water, 
and chemical solutions. For some recom- 
mendations on the cutting fluids to be used 
in the sawing of various metals, sec Table 2 
in the article “Metal Cutting and Grinding 
Fluids" in this Volume. 

Straight mineral oils provide maximum 
lubricity and are particularly useful on dif- 
ficult-to-machine alloys that are cut at low 
band speeds (553 m/min, or 175 sfm), 
where lubricity is more important than cool- 
ing power. These oils cannot be used at high 
cutting rates, because they overheat and 
smoke. They also have the disadvantage of 
leaving an oily film on the workpiece. which 
requires thorough cleaning for removal. 
Copper, brass, and bronze will tarnish if 
exposed 10 straight mineral oil containing 
sulfur additives. 

Soluble-oil emulsions are suited to both 
the free-machining and difficult-to-machine 
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Table 10 Speeds for the contour band sawing of heat-resistant alloys 


with welded-edge high-speed steel saw bands 
Dota are based on the use of a suitable cutting fluid. 











[7 Speed. mimin (sfm). for stock thickness of: 

4-13 mm. 25-75 mm 150-300 mm 

Work metal. Hardness, HR (Ye in. a) (1-3 inb) (6-12 inc) 
Аб зулым 3 05) 1560) 15 (50) 
Discaloy У . 24 (80) 20 (65) 20 (65) 
Hastelloy А...... 210-260 24 (80) 17658) 15 (50) 
НамеПоу B ч 230-270 27 (90) 18 (60) 17 (55) 
Hastelloy С...... 185-250 24 (80) 17 (55) 15 (50) 
Inconel eese 190-200, 30 (100) 20 (65) 15 (50) 
Inconel 700 ә 24 (80) 17 (55) 1560) 
Inconel Х-750... 18 (60) 15 (50) 15 (50) 
Waspaloy satin 24 (80) 17 (55) 15 (50) 
U-500 . гарыш ра 27 (90) 17 (55) 15 (50) 
René 41....... 24 (80) 17 (55) 15 050) 
Refractaloy 26... 17 (55) nas 14 45 

(a) Regular tooth form: S-pitch: average feed force. (h) Regular tooth form: 4- to 6-pitch: maximum feed force. (c) Carbide tooth form. 








pitch; maximum feed force. Source: Data are adapted from fables in 
Foundation, 


Fundamentals of Bund Machining. ` 





ле Brothers 





Table 11 Speeds for the contour band sawing of nonferrous alloys 


Based on the use of a suitable cutting fluid, except for copper alloys 314, 360, and 544, which are sawed dry; 
based on sawing with carbon steel bands, except for tooth forms marked C, where carbide is used, and except 


for footnoted speed entries, where high-speed steel bonds are used 

































ваат — —]1 25-75 mm = 150-00 mm — —, 
у (4-12 in.) thick ! (1-3 in.) ik Ш 16-12 in.) thick 
Tooth Speediby — Tooth Speech Tooth Speedid) 
Work metal formia) Pitch — mvminsfm ^ forma) Pitch — m'minsm ^ formis) Pitch m/min sfm 
Aluminum alloys 
1800, 2011, 2017, 3003, 

3004 fa R ош оюл R в 1905X0 H 3 12204000 

2014, 2018, 6053. 
RO 0H — NS 2800 & 1 мю н 3 610 2000 
R 14 2590 500 R 6 600 H оз 1525500 
—R — I4 A60 1500 к 6 коо H 3 90 300 
SRO 14 1520 S000 R б мю н а лш? 
RO 14 ded 1500 R 6 кю Я Ж 90 мю 
кооз ою R 6 600 ноз 60 200 
к Mo 430 1400 R © 900 ноз 90 300 
R O 14 0190500 к 6 4000 H з — 910 300 
ком 43 1400 R © 900 ноз 90 300 
ко м кою R 6 мю H з 6102000 
300, 380). R а 430 1400 R 6 900 H 3 90 300 
Copper alloys 
102, oxygen-free copper.......R — 10 — 90X0e R 6 езе S 3 30 100) 
170. beryllium copper Rm 84275 R 6 92250 S 3 60 200e) 
220. commercial bronze. 

С к оз 02040 R в 120400 5 3 ШЕ 
240, low brass, 80% к 10 150 5000 Ко 6 Mowe S 3 60 200e) 
314, leaded commercial 

bronze А R 14 760 2500 S з зш н 3 150 500 
360, free-cutting brass. . к + 1040 3400 R 6 610200 5 3 35 100 
544, phosphor bronze 

B2. à R м мо R в 370120 S 3 120 400 
694, silicon red brass В 14 ON) 600 к 6 / 93530 C 25 76250 
757, nickel silver 65-12 к ою 450500 R 6 MOX) S 3 60 2000) 
614, aluminum bronze D R оз 60200 R 6 62б С 25 41135 
Other nonferrous metals and alloys 
Magnesium . R 8 030 4500 н 4 040703500 н з  9I5 3000 
AMIOOA, AZG3A. 

AZB0A, AZ9IA. 

AZDA, MIA В 0 0703800 н 3 яю H з e 2000 
AZ3IB. AZGIA R 6 1520 5000 Н з 1204040 610 2000 
Monel 400, Monel K-500 ,.....R 8 20680 R 4 I$ She 15 50 
Monel 501, Monel R-405 R 8 Ke R 4 Wes 755 
Titanium. 99% R0 371000 R 6 — 22908 30 100 
Ti-6 ALS V. LR 000 34840 R 6 — 20656 15 50 
Ti-4 AA Mn: 17 

Fe-2 Cr-2 Mo. к 00 Buw Коо é 2780 2070 
Zircaloy-2: Zirconium 

Q5HD sss. 10 Фе К а — 209€) С 25 310 





(а) Tooth form codes: R, regul 





5. skip: Н, hook: C. carbide tooth form. (b) Minimum feed force. (ck Average feed fore 


maximum feed force for footnoted speed entries under “Other Nonferrous Metals and Alloys. ` (d) Maximum feed force 
material for this speed and metal is high-speed steel, Source: Data are adapted from lables in "Fundamentals of Band Machining. ^ 


Wilkie Brothers Foundation 
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materials and cover the operating speed 
range from 45 to 90 m/min (150 to 300 sfm). 
The ratio of soluble oil to water varies with 
specific job requirements. Therefore, a con- 
centrated mixture (1:3 to 1:5) is selected for 
maximum lubricity, while a dilute mixture 
(1:10 to 1:15) is selected for maximum cool- 
ing capacity. 

Chemical solutions, usually solutions 
containing wetting agents, are formulated to 
provide excellent cooling qualities and are 
employed at speeds above 75 m/min (250 
sfm). 








Applications 

The examples presented in this section 
compare contour band sawing with milling 
and shaping in various applications. 

Example 2: Saving in Material by Con- 
tour Band Sawing Instead of Milling. 
Figure 7 shows layouts for two methods of 
producing 100 kg (220 Ib) parts from low- 
alloy (chromium-molybdenum) steel—by 
contour band sawing from billets (Fig. 7a) 
and milling from individual blocks (Fig. 7b). 
Because contour band sawing permitted 
nesting of the parts. 20 kg (44 Ib) less steel 
was required for each part than in milling. 

Sawing was done on a radial-arm band 
saw, which permitted following the contour 
by guiding the saw band at a fixed feed 
without moving the billet. Cutting rate was 
1600 mm"/min (2.5 in."/min), and the area of 
the cut was 155 х 10° mm? (240 in.?). Total 
time for sawing each piece was 96 min 

Example 3: Cutting Relief Grooves. The 
machining of two grinding reliefs in the 
hot-rolled 1035 steel slide base shown in 
Fig. 8(а) was originally done on a milling 
machine. A change to a contour band saw 
resulted in a reduction in setup time from 30 
to 10 min and an increase of 100% in pro- 
duction rate. The 1.6 mm (в in.) reliefs 
were sawed with a 19 mm (¥% in.) wide. 
6-pitch, high-speed steel saw band at a 
speed of 60 m/min (200 sfm). 

Example 4: Cutting of Slots. The overall 
cost of producing the 3.2 mm ( in.) slot in 
the gray iron finger holder shown in Fig. 
&tb) in lots of 200 to 300 pieces was substan- 
tially reduced by changing from a milling 
machine to a contour band saw. The milling 
operation required special fixtures and a 
large-diameter slitting saw. Setup time was 
45 min. and machining time was 6.8 min per 
piece. No special fixtures were required on 
the contour band saw: setup time was 20 
min. and a standard high-speed steel band 
sawed the slot in 2.5 min, a reduction of 
64% in machining time. The slot area was 
sawed with a 6-pitch 19 mm (% in.) wide 
saw band at a speed of 84 m/min (275 sfm). 
No cutting fluid was used. 

Example 5: Contour Band Sawing Ver- 
sus Shaping of 1020 Steel. Lever brack- 
ets of 1020 steel (20 HRC), one size of 
which is shown in Fig. 8(c). were machined 
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Table 12 Linear cutting rates for contour band sawing 














Cutting rate, mmimin (in /iin), for stock thickness of: i 











I — ———— Carbon steel bands It High-speed steel bands — Carbide 
fimm imm 25mm Jmm 50 mm 75mm 100 mm imm 20mm &4mm Imm 25mm mm Smm 150 mm 75mm 150mm 300 mm 
Work metal Kama (aimo (diea (Pain) im] in) Win) Gin) (Bin) (Min) (Aim) (din) (Ui) Gin) бш) in) (бю) (2i) 
Carbon and low-ulloy 
steels (low carbon) 4,229 101 44 al a 13 п 7 6 533 274 203 152 76 зк 114 64 38 
(9.00) (4.00) (175) (1.62) (0.87) (0.50) (0.44) (0.29) 421.000 (10.80) (8.00) — (6.00) (3,00) (1.50) (4.50) (2.50) (1.50) 
Alloy steel (high-carbon), . 57. 25 n 9 6 45 Hi 2 5 41 17 7.5 19 13 7.5 
(2.25) (1.00) (0.50) (0.37) (0.25) (0.17) (0.12) (0.08) (0.06) (1.62) (0.66) (0.30) (0.75) (0.50) (0.30) 
Gray iron E] 190 Lu 54 4l 25, 06 13 10 203 102 St 140 79 51 
(16.000. (7.50) (3.25). (2,12) (1.62) (1.00) (0.81) (0,50) (0.40) (8.00) (4.000 (2.00) (550) (3.10) (2.00) 
Tool steel... wilt Ж 25. & — 1 78 ы dj 3 s9 2 0 3 ж 1n 
(4.800. (2.12). (100) 00.62) 40.50 (0.31) 4025). (0.16) (0.12 (1.92) (0.82) (0.39) (1.20) (0.80) (0.50) 
Titanium. оозе net : toe T$ 8 38 о 64 38 
(0.30) 00.20) 40.15) (0.35) (0.25) (0.15) 











Table 13 Effect of hardness of 
steel cut on band speed for contour 
band sawing 

For work up to 75 mm (3 in.) thick, with M2 bands 


[oed 
Hardness. HB mimin sfm 





‘Typical steela) 





Carbon and low-alloy steels (except free-cutting steels} 


1020. 1045. 4140, 7140. and 
8620 ev 85-125 8s 280 








w 270 
70 20 
49 160 
40 10 
30 100 
Free-cutting steels 
M2 and 1117 100-150 87285 
150-200 90 295 
137, 12L14, 41401 S, and 
PIU peter 1 98 320 
150-200 ss 280 
200-250 69 225 
47 155 
ю 100 





49) Lich steel represents a group of similar steels. Source: Mercur 
Research Associates Inc 





on a shaper in quantities of three to five ina 
series of sizes. Setup time for special tool- 
ing and holding fixtures was 30 min; produc- 
tion rate was 180 min per piece. 
Substantial savings resulted from switching 
the operation to a contour band saw; setup 
time was essentially zero. operator costs 
were lower. and machining time was reduced 
from 180 min per piece to 58 min per piece. 
The piece was sawed at a rate of 1100 mm?/ 


Low- alloy 





Fig. 7 197903 for producing 100 kg (220 Ib) parts 
9. / (2) by contour band sawing several from a 
single billet ond (b) by milling each piece from an 
individual block. Dimensions given in inches 


min (1.7 in.?/min). using a 6-pitch, 19 mm (34 
in.) wide high-speed steel saw band at a speed 
of 76 m/min (250 sfm). Total area of the cut 
surface was 64 x 10° mm? (99 їп.?). 

Example 6: Contour Band Sawing Ver- 
sus Milling of 1020 Steel Nuts. A produc- 
tivity increase of 300%. in addition to a reduc- 
tion in setup time from 45 to 10 min. was 
realized in changing from a milling operation 
to contour band sawing in making large quan- 
tities of the hot-rolled 1020 steel split nut 
shown in Fig. 8(d). The cuts of 240 mm? (% 
in.?) total area were made at a band speed of 
84 m/min (275 sfm), using an 8-pitch, 19 mm 
(% in.) wide, regular tooth high-speed steel 
band. 





Safety 

Several important safety features have 
been incorporated into the design of stan- 
dard band saws, particularly the more re- 
cent models. Older machines may or may 
not be similarly equipped, but they can 
usually be modified to include many of the 
latest safety features. 

Machine Safety Features. Because the 
saw band is frequently required to travel at 
high speed, a most important safety feature is 
an automatic wheel brake that instantaneous- 





ly stops the drive wheel when a saw band 
breaks, thus minimizing damage that might be 
caused by the broken band. Another impor- 
tant device is the safety interlock; this should 
be installed on all doors, hatches, and draw- 
ers that permit access to compartments con- 
taining moving parts, such as belts, wheels, 
and gears. Allcorner surfaces of the machine— 
inside or outside—should be rounded to avoid 
snagging. Safety guards should always be in 
place and should be kept operable at all times. 
Limit switches and automatic devices should 
also be kept in good operating condition and 
should be inspected periodically. 

Dust and Fire Hazards. The sawing of 
beryllium and magnesium is potentially haz- 
ardous. The dust and fumes generated by 
the sawing of beryllium are extremely toxic. 
To guard against this hazard, the operator 
should wear respiratory, protective equip- 
ment, and the band saw should be equipped 
with an effective exhaust system. 

The sawing of magnesium presents a fire 
hazard. Therefore, band saws that are to be 
used for cutting magnesium should be iden- 
tified by a bright color and should not be 
used for sawing other materials, because of 
the possibility of spark generation. Band 
saws used to cut magnesium should be 



























































Fig. 8 Production parts that were 





iced more economically by contour bond sawing than by other machining 
processes. (о) Example 3. (b) Example 4. (c) Example 5. (d) Example 6. Dimensions given in inches 


—————————————— ыыр лныйла нышы 








cleaned before starting and after completing 
the operation. Pumps and cutting fluid lines 
should be inspected before and during op- 
eration. When in operation, the machine 
should not be left unattended. The area in 
which the band saw is located should be 
equipped with fire-control implements in- 
tended for magnesium fires, such as a dis- 
penser for graphite-base powder. 


Friction Band Sawing 


In friction band sawing, the work metal is 
softened (or melted) just ahead of the saw 
band by frictional heat from dry cutting at 
high band speeds (1800 to 4600 m/min, or 
6000 to 15 000 sfm). The saw teeth remove 
the softened metal. These band speeds arc 
about 50 to 100 times those for conventional 
band sawing of the same metals with a 
cutting fluid. The saw band is not overheat- 
ed, because only a small part of the rapidly 
moving band is in the work, and heat is 
readily dissipated from the rest. 

Applicability. Friction band sawing is 
primarily applied to ferrous metals that are 
harder than 42 HRC or that work harden 
rapidly. It is also used for the distortion-free 
cutting of thin material and can produce 
complex contours as well as straight cuts; 
in these applications, however, abrasive 
waterjet machining may also be recom- 
mended as a competitive process. For a 
description of this alternative, see the arti- 
cle ‘*Waterjet/Abrasive Waterjet Machin- 
ing" in this Volume. 





Friction band sawing gives high cutting 
rates, long band life, and low machining 
cost on material up to 25 mm (1 in.) thick. 
Most steels can be cut efficiently because of 
their low thermal conductivity and wide 
softening range; alloys of copper or alumi- 
num, as well as most cast irons, are not 
suitable for friction sawing. Compared to 
thermal conductivity, the hardness of the 
work metal is of minor importance. 

Saw bands for friction sawing are made of 
special silicon-carbon steel. They are thicker 
than standard bands and have wider set; the 
teeth are designed for heavy shear loads, and 
the gullets are shaped for plastic flow of 
chips. Sharp teeth are not required; saw 
bands are used until they break from flexing. 
Standard saw bands Iso be used, but are 
likely to shatter at the high band speeds used. 





Circular Sawing 


Circular sawing involves the use of a 
rotating cutting blade that can be fed hori- 
zontally, vertically, or at an angle into the 
material. Circular sawing is highly accurate 
because of the rigidity of the machines and 
the cutting blade. The length tolerance for 
most feed stock systems is +0.10 mm 
(0.004 in.). and the accuracy of cut is 
generally 50.001 mm/mm (20.001 in./in.) in 
the direction of blade travel. 

Circular sawing can produce burr-free 
surfaces and can reduce the need for sec- 
ing operations. For blades up 
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to 400 mm (16 in.) in diameter, finishes 
typically range from 1.5 to 3.2 рт (60 to 125 
pin.). Finishes as smooth as 0.2 and 0.8 рт 
(8 and 32 шіп.) have been produced in the 
circular sawing of aluminum and steel, re- 
spectively. Generally, the harder the mate- 
rial, the smoother the finish. 

Circular saws represent a larger capital 
investment than band saws or hacksaws. 
Circular sawing produces a larger kerf than 
band sawing, although circular saws as thin 
as 1.5 mm (0.060 in.) are available. These 
thin blades, however, cannot maintain the 
tolerances and high cutting forces for which 
circular sawing is noted. 





Hacksawing 


Hacksawing is characterized by the recip- 
rocating action of a relatively short, straight 
blade that is drawn back and forth over the 
workpiece. Hacksawing differs from the oth- 
er sawing methods in that the back-and-forth 
motion produces a discontinuous cut. 

Capabilities and Limitations. Power 
hacksaws constitute a relatively lower cap- 
ital investment, and they can handle a wide 
range of stock sizes within their capacities. 
However, band saws are generally easier to 
set up and are able to cut a wider variety of 
metals (with higher hardnesses) Power 
hacksawing is essentially a roughing opera- 
tion and at least 0.05 mm (0.002 in.) should 
be left on the cut surfaces for subsequent 
finishing. 








Multiple-Operation Machining 


MULTIPLE-OPERATION MACHIN- 
ING refers to the machining of identical 
parts in high volume when the operations 
are performed consecutively or simultane- 
ously to permit complete machining of the 
workpiece in one setup. Turning. cutoff, 
facing, drilling, boring, tapping, threading. 
and other machining operations typically per- 
formed on separate machines for low-volume 
production requirements can be executed on 
multifunction machines when relatively high- 
volume production requirements make them 
cost effective. 


Multifunctional Systems 


Automatic Lathes. Increasing labor 


costs, the competitive nature of the busi- 
ness, the shortage of skilled labor, and 
varying customer demands necessitate the 
use of multifunction machines. These in- 
clude 


single-spindle automatic lathes, 
al turret lathes, single-spindle auto- 
bar and chucking machines, Swiss- 
type automatic bar machines, multiple- 
spindle automatic bar and chucking 
machines, and multiple-spindle vertical 
chucking machines. 

Machining Centers. In the late 19505, the 
introduction of a single-spindle horizontal 
machine that could automatically change 
tools revolutionized the machine tool indus- 
try. An arm on the machine could remove 
and exchange tools in the spindle of the 
machine. The machine could perform mill- 
ing. drilling, tapping, reaming, and boring 
operations automatically under numerical 
control. This was a significant development 
because numerical control had become 
commercially available on a limited basis 
only a few years earlier. 

‘Thus, traditional machining entered the 
age of machining centers. Machining cen- 
ters make it possible for a complete range of 
machining operations (drilling, milling. 
reaming, screw cutting, and so on) to be 
carried out in one setting of the workpicce. 
Cutting tools are normally exchanged auto- 
matically. Machines are usually built in 
knee-type, bed-plate, or boring-mill con- 
struction forms. The cutting tool can be 
guided in a minimum of three coordinated 
axes, while the work is clamped during 
machining on interchangeable tables, rotary 
tables, or platens. Machining centers usual- 
ly have the following features: 











ө Numerical control 

* Tool magazines with automatic tool 
changers 

* Rotary tables enabling all sides of the 
work to be machined 

ө Within flexible production systems, auto- 
matic loading and unloading devices 


Machining centers are primarily intended 
for small to medium-size production quan- 
tities because they can be reset for different 
production requirements in a relatively 
short time, owing to the high degree of 
automation. A machining center normally 
consists of | spindle (although multiple- 
spindle centers have been built) and 30 
cutting tools (some have up to 60 tools), 
which are stored in a tool matrix. 

Transfer machines, or transfer lines, 
consist of many machines, including an 
array of machining centers. Some mecha- 
nism must be provided for moving work- 
pieces from station to station on production 
machines and from onc machine to another. 
Machines that are provided with such auto- 
matic mechanisms are called transfer ma- 
chines. Transfer machines consist of a num- 
ber of workstations (turning, drilling, 
milling, and so on) arranged behind cach 
other and linked with an automatic work 
transportation unit, which governs their po- 
sitions and the timing cycle. Transfer ma- 
chines are rigid production systems that arc 
primarily used for mass production. The 
work advances in discrete steps: that is, 
when all individual workstations have com- 
pleted their work cycles, all the components 
are advanced to the next workstation. 

If the entire machine had to be shut down 
each time a single tool became dull and had 
to be replaced, productivity would be very 
low. This is avoided by designing the tool- 
ing so that certain groups have similar lives 
and by utilizing control panels that record 
tool wear in each group and shut down the 
machine before the tooling has deteriorated. 
This avoids shutting down the entire ma- 
chine in the event that only one or two 
stations become inoperative. This is usually 
accomplished by arranging the individual 
units in groups, or sections with 10 to 12 
stations per section, and by providing a small 
amount of buffer storage (banking) of work- 
pieces between the sections. Thus, produc- 
tion can continue on all remaining sections for 
a short time while one is shut down for tool 
changing or repair. All the tools in the affect- 














ed group can then be changed so that repeat- 
ed shutdowns are unnecessary. 

Transfer machines are a major capital 
investment. They are custom designed for a 
specific process and are economical only 
for large-scale production. A typical appli- 
cation for such a system would be the 
machining of V-8 engine blocks in which 
688 separate machining processes are 
grouped into 50 machining stations. 

Flexible Manufacturing Systems. As a 
result of the demands for production sys- 
tems that satisfy the contradictory require- 
ments of high productivity and high flexibil- 
ity, so-called flexible production units have 
been developed. А computer-controlled 
component transportation system links a 
number of individual, interchangeable nu- 
merically controlled machines, normally 
machining centers. In addition, storage 
magazines for the unmachined and ma- 
chined components can be connected to the 
transportation system. The cutting tools can 
also be automatically moved from the ma- 
chines to the appropriate tool maintenance 
units for regrinding and resetting. A process 
computer controls the complete installa- 
tion. In such installations, all available auto- 
mation techniques in production technology 
are used. Such flexible linked lines are 
designed to handle single-unit production, 
small-batch production, spare part produc- 
tion, and component families production. 
Differing components can be machined on 
such a system in any order desired. 

Flexible manufacturing systems are auto- 
mated, with some of the units tooled for 
specific operations and the rest capable of 
random operation. Sequencing of opera- 
tions can be varied as required. Thus, the 
system is a hybrid between a fixed-pro- 
gram, such as a transfer machine, and an 
assembly of general-purpose stand-alone 
machines. It has advantages over both 
alternatives—for example, more flexibility 
than the fixed-program system and less 
operation time than the stand-alone ma- 
chines, 

Flexible manufacturing systems are suit- 
able for small to medium-size production 
runs and provide a compromise between 
situations in which productivity is the pri- 
mary concern and situations requiring a 
high degree of flexibility in the manufac- 
turing process. Typically, a flexible manu- 
facturing system consists of 5 to 12 machine 
tools, with each machine capable of chang- 
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Fig. | Typical setup on оп automatic lathe showing three too bits on the reor side ond one tool bit on the front 
19. Ї уде. The workpiece is held in the headstock using a chuck, while the other end is held by the tailstock 


with о lathe center. 


ing cutting tools to perform different tasks, 
such as drilling, boring, or milling. 

A flexible manufacturing system can also 
be comprised of numerous manufacturing 
cells. The manufacturing cell is a system in 
which computer numerically controlled ma- 
chines and an industrial robot arc used to 
manufacture a specific part or several parts of 
similar geometry. A manufacturing philoso- 
phy that identifies and exploits the similarities 
of parts and manufacturing processes is 
termed group technology. A more complete 
definition of a manufacturing cell is a small 
unit within a manufacturing system, consist- 
ing of one to several workstations and having 
some degree of capability for automatic: 





* Loading and unloading of the worksta- 
tions with workpieces 

* Tool changing at workstations 

© Transfer of workpieces (and sometimes 
tools) between workstations 

* Scheduling and control of workstation 
loading 


All these operations are under computer 
control to produce a family of parts with 
similar features. Central to these activities 
in a manufacturing cell is an industrial ro- 
bot. The workstations around the robot can 
be several machine tools, each performing a 
different operation (milling, drilling, turn- 
ing, and so on) on the part. 











Automatic Lathes 


All machines used for multiple operations 
are modifications of the basic engine lathe; 
some have undergone several stages of ev- 
olution. This first multiple-operation ma- 
chine was built by replacing the tailstock of 
an engine lathe with an indexing turret that 
contained several tools, thus permitting а 
sequence of operations to be completed 
without removing the workpiece from the 
rotating chuck. The need for duplication of 
repeated motions led to the addition of 
cams, levers, and other powered devices. 
The resulting machine was a single-spindle 
automatic unit. This development was fol- 
lowed by the introduction of the multiple- 
spindle automatic machine to satisfy the 
need for greater productivity. 

The terminology for different machines 
used for essentially the same purposes var- 
ies among different manufacturers. Some 
terms that have been extensively used are 
inaccurate, misleading. or inadequate. The 
term screw machine, for example, has be- 


come inappropriate because nearly all 
screws are now made by other methods. 
More descriptive terms are used in this 
article. 

Although multiple-operation machines 
are almost limitless in variety, they can be 
classified as either chucking machines or 
bar machines. Machines in either category 
are further classified as: 


* Manual turret lathes 

* Automatic turret lathes (single-spindle 
automatic: 

* Multiple-spindle automatics 








Bar machines are available only as hori- 
zontal models. Chucking machines are ci- 
ther horizontal or vertical, although the use 
of verti models is generally confined to 
workpieces that are too large to be conve- 
niently placed in horizontal chucks. Aside 
from the number of spindles, the principal 
differences among the various machines 
are: 





* Method of loading, holding, or fecding 
the work material 

* Method of holding and moving the cutting 
tools into and out of position 


When forgings, castings, extrusions, or 
bar slugs are being machined, they are 
loaded into chucks at the front face of the 
headstock. When bars or tubes are being 
machined, hollow headstocks and collets 
are needed to permit bringing the work 
material through from the rear of the ma- 
chine. 

There are three basic methods of bringing 
tools into and out of position: 


ө A revolving turret that can hold one ог 
more tools on each of its index positions 

* Cross slides that feed tools to workpieces 
at right angles to the machine spindles 

* Tool carriers that advance or move back 
on a main slide parallel to the machine 
spindle 


Single-spindle bar or chucking machines 
use turrets and cross slides for moving 
tools. In multiple-spindle bar or chucking 
machines, tools are moved by cross slides 
and a sliding tool carrier, 


Single-Spindle 
Automatic Lathe: 


Plain turning operations constitute one of 
the primary machining functions employed 
in manufacturing. The capabilities of the 
engine lathe—which generally have been 
supplanted by those of the more cost-effec- 
tive turret lathe and the automatic bar or 
chucking machine—are available in a wide 
variety of automatic lathes. All the advan- 
tages of single-point tooling for maximum 
metal removal, finish accuracy, center turn- 
ing, and so on, are at the designer's dispos- 
al. offering production speeds comparable 
to those of the fastest processing equipment 
available. 

In automatic lathes, the tools are auto- 
matically fed to the work and withdrawn 
after the cycle is complete. Automatic 
lathes have the basic components of simple 
lathes: bed, headstock, tool slides, and 
sometimes a tailstock. Most single-spindle 
automatic lathes are arranged to turn work- 
pieces held between centers, but some are 
designed for chucking work, with the work- 
piece held in a chuck, collet, or special 
workholding fixture. Figure | shows a typ- 
ical setup on an automatic lathe. Most ma- 
chines are of horizontal configuration, but 
some are built with vertical spindles. De- 
pending on the manufacturer, feed of the 
slides is accomplished with hydraulics, air/ 
hydraulics, leadscrews, or cams. Figure 
2(a) illustrates a machine with leadscrew 
feed for the front slide, and Fig. 2(b) shows 
a machine with a cam-fed front slide. 

Because most lathes of this type require 
that the operator manually place the part to 
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Fig. 2 single-spindle automatic lathes. (a) Cam-fed front slide. (b) Leadscrew-fed front slide 


be machined in the lathe and remove it after 
the work is completed, they are perhaps 
incorrectly called automatic lathes. The ma- 
chines can be single-cycle automatic, with 
manual loading and unloading, or fully auto- 
matic, with mechanical loading and unload- 
ing (Fig. 3). Machines in this group differ 
principally in the manner of feeding the 
tools to the work. Most machines, especial- 
ly those holding the work between centers, 
have front and rear tool slides. Others. 
pted for chucking jobs, have an end tool 
slide located in the same position as the 
turret on the turret lathe. These machines 
can also have the two side tool slides. 
Another configuration employs a flat table 
located in front of the chucking spindle on 
which tool slides can be mounted at any 
angle or in any position. Each tool slide has 
individual feed and receives its power from 
individual drive shafts at the end of the 
machine. 





Machine Classifications 

Turning equipment can be classified into 
several groups. Fully automatic types with 
magazine feeds and semiautomatic hand- 
loaded types constitute the first category. 
Fully automatic numerical control (NC) 
lathes and semiautomatic tracers or shape 
turners constitute the second category. Nu- 


merical control lathes are available for 
chucking and center work with automatic 
bar feeds, and some models are virtually 
machining centers. Automatic lathes in the 
first group are available in a variety of 
standard or special models with mechani 
cal, electrical. or hydraulic actuation. Tr; 
er lathes that use either a flat template for 
reproduction or an actual pilot model work- 
piece are available. 

Automatic Cycle Lathes. Етріоуі 
marily only simple, single-point turning op- 
erations, automatic cycle lathes are ideally 
suited to the production of a wide variety of 
machine parts, such as automotive and air- 
craft pistons, aircraft engine cylinders, 
transmission cluster gear blanks and shafts, 
camshafts, bearing races, and spur and bev- 
el gear blanks. Unlike the turret lathe and 
the automatic bar or chucking machine, 
automatic cycle lathes are well adapted to 
the machining of forgings, castings, and 
bars held between centers; work supported 
on fixtures; and ordinary chuck work. Plain 
bores on many parts, preferably for accura- 
cy in chucking, are best finished in a pre- 
liminary operation on a turret lathe or by 
drilling and broaching. Special bores or 
tapers, however, can often be more readily 
produced on automatic lathes, owing to the 
advantage of pivoted tool posts. 














Automatic tracers, like automatic cycle 
lathes, use single-point tooling but, ordi- 
narily, only one tool. The primary limitation 
to design is that all details must be accessi- 
ble with a sharp-point tool. In general, 
that are considered suitable for obtaining 
the advantages of the automatic tracer are 
somewhat similar to those mentioned previ- 
ously, but usually contain a complicated 
form, taper, or other details that cannot be 
reproduced except with complicated banks 
of tools or special attachments. Character- 
istic parts are valve plugs, valve bodies, 
nozzles. orifices, stepped shafts, and con- 
toured rolls. 

Employing low-cost templates for repro- 
duction, automatic tracers are ideally adapt- 
ed to production quantities ranging from 
only a few pieces to large-quantity output. 
Compressor crankshafts, for example, hav- 
ing five stepped diameters, two tapers, ra- 
dii, and shoulders can be turned in 24 s from 
the rough castings. Automatic tracer lathes 
range in sizes paralleling those of the auto- 
matic cycle lathes and offer a broad cover- 
age of machine parts. 

Automatic shape turners offer possibil- 
ities for design that cannot be obtained by 
any other means. Although originally devel- 
oped for the manufacture of hubs, dies, and 
molds of compound shapes, these machines 
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Fig. 3 Automatic loading device for a single-spindle automatic lathe 


often find use in the efficient, economical 
production of parts for some of the newer, 
more complex mechanisms, such as helical 
pump rotors and body sections. 

Automatic shape turners are capable of 
handling parts up to about 508 mm (20 in.) in 
diameter and, like standard engine lathes, can 
be adapted to either center or chucking work. 
Bored contours can be as readily produced as 
external ones and to a high degree of accura- 
cy. Similarly. various facing designs can also 
be produced. ranging from squares to ex- 
tremely complicated contours. Accurate and 
closely fitted mating components of compli- 
cated design can be readily produced in pro- 
duction. Speed, however, is somewhat lower 
than with the other lathes. 


Process Capabilities 
High-speed production is a major advan- 
tage of single-spindle automatic lathes, and 


Table 1 


it results from having a number of tools 
cutting simultaneously, with no time lost for 
tool indexing or positioning. Customarily. 
as many tools as possible are used without 
exceeding the power of the machine and the 
ity constraints of the workpiece. 

Single-spindle automatic lathes are gener- 
ally best suited to high production require- 
ments in turning and facing multiple-diame- 
ter or long workpieces. The more complex 
the setup, the longer the production run 
should be for minimum cost because setup 
and changeover are time consuming. 

Workpiece Requirements. In general, 
parts that are suitable for machining in 
automatic lathes include: 















* Those that can only be turned satisfacto- 
rily on centers because of length or spe- 
cial requirements for accuracy and finish. 
This includes work turned in preparation 


Typical capacities of single-spindle automatic lathes 





Maximum length 


= Eun 








" 1 
Maximum power between centers — Over ways Over slides — 
iw hp mm in. m p in| 
56 fonds ET n 279 n mm 4 
18.6 25 1015 40 279 u 140 5А 
44.8 60 2540 100 406 16 178 7 
"2 150 3050 120 597 Bis 356 14 





for grinding or other machining requiring 
the use of centers 

Those that, because of having been 
forged, cast, or welded, cannot be cut 
from a bar or fed through a hollow 
spindle 

Forgings, castings, and so on, that, be- 
cause of an irregular shape, cannot be 
readily held in chucking machines 

* Those that require machining all over or 
at both ends 

Those that cannot be chucked and lend 
themselves to stacking for magazine feed 
Those parts required in small quantities 
not within the economical range of auto- 
matic screw machines 


Where parts are long and require machining 
àt both ends, a center drive attachment can be 
used that acts both as a steady rest and a 
driver. Large, long parts that require machin- 
ing all over are usually driven by spur drives. 

Size Range of Machines. Automatic 
lathes range in size from small units de- 
signed to handle work 13 10 35 mm (V? to 1% 
in.) in diameter by 64 to 457 mm (27 to 18 
in.) in length to units capable of handling 
diameters up to 2.1 m (84 in.) and lengths up 
to 3.1 m (10 ft) or more. These machines are 
powered by motors ranging in size from 3.7 
kW (5 hp) on the small units up to 93 kW 
(125 hp) or more on the larger machines, 
with the full advantage of carbide tooling 
wherever practicable and the maximum 
possible production speed. Automatic tool 
relief at the end of each tool stroke avoids 
scraping of the tools, increasing tool life and 
providing better finish. Single-spindle auto- 
matic lathes are available in a range of 
capacities. Table ] lists the capacities of 
four standard machines offered by one man- 
ufacturer. Although the lengths that can be 
turned or shaped are necessarily limited by 
the carriage travel of specific models of any 
of these machines, long lengths of turn can 
be handled by special machines or by mul- 
tiple tooling. Truck steering knuckles, for 
example, are produced in 0.9 min, or at a 
rate of 66 per hour (Fig. 4). 





Manual Turret Lathes 


The essential components and operating 
principles of a horizontal turret lathe are 
illustrated schematically in Fig. 5. The 
workpiece shown could be either a short- 
length part (such as a casting or a forging) 
held by a chuck, or a long bar or tube fed 
through a hollow headstock from the rear 
and held by a collet. 

The turret, mounted on a ram or a saddle, 
advances to the workpiece in an axial direc- 
tion on the latheways. The turret shown in 
Fig. | has six tool-holding faces or index 
positions and is therefore called a six-sta- 
tion turret. 

A smaller turret on the cross slide may 
have four tool-indexing positions, obtained 
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Fig. 4 baro of tooling for truck steering knuckles. Production speed is 0.9 min floor to floor, with 0.6 min 
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by clockwise rotation. The turret and cross 
slide are supported on a saddle and can 
therefore be moved axially to perform op- 
erations such as turning. This turret can 
also move on the cross slide at right angles. 
to the longitudinal axis of the workpiece to 
perform such operations as form turning, 
facing, or grooving. Figure 6 illustrates the 
multifunction capabilities of turret lathes. 
The number of stations that can be used 
in the main turret of a machine of this type 
is primarily governed by the tool clearance 
needed for a given job. If tools extend only 
a short distance from the turret or if the 
workpiece is small in diameter compared 
with the size of the turret, more stations can 
be used than when the above conditions are 
reversed. In addition, the workpiece must 
clear the tools extending from stations next 
to the one from which the operating tools 
extend, Turrets having as many as nine 
stations have been built, but turrets with 
four, five, or six stations are more usual. 





Ram-Type Versus 
Saddle-Type Lathes 

A difference in construction of the main 
turret unit separates turret lathes into two 
general classes: ram-type and saddle-type. 
The article "Turning" in this Volume con- 
tains more information on the principal 
components of both turret lathe types. 

Ram-Type Turret Lathes. In this type of 
machine, the main turret is mounted on a 
separate slide, or гат, which moves along 
the lathe axis on a saddle supported by the 
ways. During setup, the saddle containing 
the ram and turret is positioned along the 
ways as close as possible to the workpiece 
1o provide maximum support for the ram 
and turret, which in operation will move 
axially on the saddle. When the setup is 
completed, the saddle is locked in position 
and remains fixed during machining. 








‘The main advantage of the ram type over 
the saddle type is that the operator has less 
mass to move during operation, which results 
in easier and faster handling. The main disad- 
vantage of the ram-type machine is that, 
the turret and ram move forward, overhang of 
the ram from the saddle increases, and some 
sag of the turret is inevitable. This sag causes. 
tools to cut tapers—to the extent that the use 
of a ram-type machine may be precluded for 
making long turning or boring cuts, particu- 
larly when the cutting tools are in a vertical 
position, 

Saddle-Type Turret Lathes. In this type 
of machine, the turret is mounted directly 
on the saddle, which moves axially during 
operation. This type of construction pro- 
vides greater rigidity than that of the ram- 
type machine because it overcomes the 
problem of ram overhang and turret sag. 
The main disadvantage of the saddle type is 
that greater operator effort is required than 
with the ram type, but this can be overcome 
by adding a power attachment for moving 
the turret-and-saddle unit. 

Manually operated turret lathes are nor- 
mally used for producing parts in small- 
1o-medium production runs for which an 
engine lathe is too slow and an automatic 
machine is unwarranted by production de- 
mands. Manually operated mcans that an 
operator must be in attendance during the 
entire machining cycle, but the exact duties 
of an operator may vary, depending on how 
the machine is equipped. 

When the operation is entirely manual, 
the operator loads the workpiece in the 
chuck, starts the machine, and then manu- 
ally performs all operations, including start- 
ing and stopping the headstock, indexing 
the turret, advancing the turret, moving and 
retracting the cross slide, and unloading the 
workpiece. This procedure is generally ap- 
plicable only when fewer than about 12 








с 





0 


тоны on. 
rer or sadale 


cross sude 


Fig. 5 Во: components and their motion in а 
9. Э horizontal turret lathe 


identical parts are being made and when 
highly skilled operators are available. 


Accessories 

The productivity and versatility of a man- 
ual turret lathe can be greatly increased, 
and the need for operator skill decreased, 
by the addition of one or more of the 
following accessories: 


* Automatically controlled headstock 
* Power feed on turret slide (axial) 
* Power feed on cross slide 

* Cross slide turret 

* Automatic turret indexing 


Automatic headstock control permits 
starting, stopping, speed changing, and re- 
versing of the spindle by indexing and axial 
movement of the turret. It can substantially 
increase productivity, especially where 
handling time constitutes one-half or more 
of the floor-to-floor time or where a number 
of changes of spindle speed or direction, or 
both, are required during a short machining 
cycle. In many cases, when the machine is 
equipped with headstock control, the oper- 
ator can complete cycles by handling only 
the turret. 

Power feed on the turret reduces oper- 
ator fatigue and often saves enough opera- 
tor time to permit an additional machine to 
be tended by one person. In addition, a 
powered turret results in greater accuracy 
in some machining operations, especially 
tapping or die threading. 

Power Feed on the Cross Slide. In sim- 
ple operations, a power-fed cross slide is 
seldom worthwhile, but in operations such 
as the facing of large areas, the power feed 
can be used to increase efficiency and ta 
produce more uniform resul 

The cross slide turret, with its ability to 
feed in four directions, adds greatly to the 
versatility of the manual turret lathe. This 
unit is available as standard equipment, but 
its use is generally restricted to large turret 
lathes having saddle-type construction. 

А cross slide turret is especially advanta- 
geous for machining small lots of work- 
pieces because it often permits the machin- 
ing of several surfaces (such as inside 
diameters) with the same tool. A graduated 
dial for cross motion allows the use of the 
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turret for turning different diameters on 
parts in low-quantity production, for which 
the cost and setup time for more elaborate 
tooling would be impractical. In addition to 
its advantages for low-quantity production, 
the cross slide turret is often advantageous 
for machining the following types of work: 


* Large bores, which can be machined 
more easily using standard boring bars 
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Schematic of a bosic hexagon-turret setup (a) illustrating the correct sequence of operations (b) to handle 
the required internal cuts on the threaded adapter shown 


because cutter overhang is less than on a 
fixed-center machine 

* Deep internal faces and recesses 

ө Large-diameter work, which limits or 
prohibits the use of a conventional turret 


Automatic turret indexing can be ap- 
plied to virtually any type of manual turret 
lathe. This feature, as well as the other 
accessories described in this section, in- 


creases setup time, but will also increase 
productivity and decrease operator effort. 
The total quantity to be produced and the 
parts required per unit of time usually de- 
termine whether automatic turret indexing 
and other accessories should be considered. 

The use of one or more of the accessories 
discussed above often makes it possible for 
one operator to attend more than one ma- 
chine, provided they are properly grouped. 
In some plants, manual turret lathes that 
have been made partially automatic are 
preferred for large-quantity production, pri- 
marily because of their versatility. 


Single-Spindle Automatic 
Bar and Chucking Machines 


The terms automatic turret lathe and sin- 
gle-spindle automatic bar or chucking ma- 
chine are frequently synonymous. In oper- 
ating an automatic turret lathe for chucking 
applications, the operator loads the work- 
piece and pushes the start button. All ma- 
chining operations are then conducted auto- 
matically by a preestablished sequence, 
after which the machine stops automatically 
and is unloaded by the operator. If the 
workpiece is a bar or a tube, automatic 
stock feeding can be incorporated, thus 
permitting continuously repeated cycles. 

Automatic turret lathes do not vary great- 
ly from manual turret lathes equipped with 
the accessories discussed in the preceding 
section. The main difference between a 
manual turret lathe with added accessories 
and one designed and built for automatic 
operation is that the latter usually has both 
back and front cross slides, thus increasing 
its tooling capacity (Fig. 7). 

Automatic turret lathes are most often 
used where production requirements are 
too high for efficient production on manu- 
ally operated machines but too low to war- 
rant the use of multiple-spindle equipment. 
The setup time is lower, and less elaborate 
tooling is needed, for automatic turret 
lathes than for multiple-spindle machines. 

Automatic turret lathes are gencrally of 
two types. In the first type, the turret ro- 
tates in a horizontal plane and is attached to 
a saddle that slides axially on the latheways. 
In the second type, the turret indexes by 
rotating around an axis parallel to the ma- 
chine spindle (thus, the turret actually ro- 
tates in the vertical plane) and is supported 
by a main slide, or turret bar. 

Turret in Horizontal Plane. Essential 
components and operating principles of the 
first of these types are shown in Fig. 5 and 
discussed in the section "Manual Turret 
Lathes” in this article. Machines incorpo- 
rating these principles are available as 
chucking or bar machines and in a wide 
range of sizes. The maximum diameter of 
workpiece that can be machined is usually 
305 mm (12 in.). 
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Fig. 7 Automatic horizontal turret lathe capable of manual or automatic operation 


Turret in Vertical Plane. The cssential 
components and operating principles of the 
second type indicated above are shown 
schematically in Fig. 8. 

Chucking Machine Configuration. This 
type is available only as a chucking machine 
and cannot be used for producing parts 
directly from random lengths of bar or tube. 
It is made in sizes large enough to accom- 
modate workpieces somewhat greater than 
305 mm (12 in.) in diameter. As indicated by 
the arrows in Fig. 8, the tools are advanced 
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Fundamentals of a single-spindle automatic 
chucking machine (one type of automatic 


turret lathe) 


to the workpiece from three directions and 
three sources. All axial cutting operations 
are performed by tools mounted in the 
turret. The turret is rigidly supported by. 
and moves axially on, a main slide, and it 
can be indexed to any of its operating 
positions (usually five, as indicated in Fig. 
8) by rotating in a counterclockwise direc- 
tion. When the tool is in operating position, 
its centerline coincides with the centerline 
of the workpiece, as indicated. Turret tools 
are secured in standard adapters, which are 
fastened into the turret by dovetails. Ma- 
chines of this type are equipped with one 
front and one rear cross slide. Tools from 
the cross slides move only in directions at 
right angles to the axis of spindle rotation. 
Consequently, cross slide tools are restrict- 
ed to operations such as facing, form turn- 
ing, grooving, or knurling. 

Combined Chucking and Bar Configura- 
tion. The working end of a different design 
of single-spindle automatic chucking ma- 
chine is shown in Fig. 9. In this design, the 
turret rotates around a horizontal axis par- 
allel to and directly above the spindle cen- 
terline while located in the headstock in- 
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stead of the tailstock. The main tool turret 
on this machine has five faces for toolhold- 
ers and tools. Each face is indexed in turn to 
working position. The turret then moves 
lengthwise to feed the tools at the station to 
and from the workpiece. The two cross 
slides below the work spindle can be made 
to feed at the same time as any turret 
station. The tool turret is carried on one end 
of a large round slide. Standard holders are 
available to adapt commonly used turret 
lathe tooling (Fig. 10). On the other end is a 
drum from which adjustable dogs set stroke 
lengths and select speeds and feeds. The 
machine can also be controlled manually 
from push buttons and switches on a control 
panel. Other models are completely numer- 
ically controlled. A typical medium-size auto- 
matic chucking machine has a 305 mm (12 
in.) diam chuck and a 19 kW (25 hp) motor. 

The above design can also be used as a 
bar machine. Single-spindle bar and chuck- 
ing automatic lathes are almost identical in 
construction except for the normal differ- 
ences in work-holding devices and the cut- 
off slide on the bar machines. Basically, 
both types of machines are built on a verti- 
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Q ‘Schematic of bar and chucking automatic 
e 7 lathe illustrating the basic relationship 
‘among turret, work spindle, and cross slides. The column 
casting also houses transmissions and other operating 
subossemblies 








turning head used in a single- 
automatic chucking machine and 
mounted on the pentagon turret. The workpiece is turned 
ond drilled simultaneously 





cal, massive box column fastened to a 
heavy ribbed base. Alignment problems are 
eliminated because the spindle and turret 
are housed in the headstock instead of being 
housed separately in the headstock and 
tailstock, as in a typical lathe. At operating 
height, a one-piece forged steel support bar 
and five-position tool turret extend through 
the column, parallel to the base. This turret 
bar feeds in and out and is indexed by an 
electric motor driven in a plane at right 
angles to the axis of the bar. Large sleeve 
bearings support the turret in the column. 
On the back end of the machine, a cage for 
mounting speed and feed dogs is fastened to 
the end of the turret bar. Other setup con- 
trols are also located in this area. 

The machine control system does not use 
removable cams for setup purposes. Ma- 
chine action is controlled through a system 
of dogs and pins as well as standard electri- 
cal relays and switches. The controls are 
designed so that the machine can operate 
automatically, manually (through hand-con- 
trolled switches), or by tape. 

The pentagon turret bar is actuated by a 
barrel cam, and the cross slides are actuated 
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either by barrel cams or a face cam, depend- 
ing on the size of the machine. The main 
drive motor operates speed and feed trans- 
missions. Rate changes in these constant- 
mesh transmissions are made by hydraulic 
clutches acting through — limit-switch- 
controlled valving. Transmissions, indexing 
units, and rapid traverse units are remov- 
able individually without disassembling the 
entire machine. 

A work spindle is mounted in antifriction 
bearings in the column just beneath the 
overhead bar. Air chucks, fixtures, or hand 
chucks are mounted to the flanged spindle 
nose of the chucker. Hydraulically operated 
collet chucks and bar feeds are standard on 
bar automatic lathes. 


Basics of Single-Spindle 
Automatic Bar Machines 

Manually operated singlc-spindle bar ma- 
chines are the counterparts of manually 
operated turret lathes (Fig. 5). Manual tur- 
ret lathes for machining bars are sometimes 
called hand screw machines because they 
were originally used to produce screws. The 
term automatic bar machine is preferable 
because. today. screws are seldom pro- 
duced using these machines. However, the 
term automalic screw hine persists. The 
essential difference between the manual tur- 
ret lathe and the chucking type of turret 
lathe is the construction of the headstock 
end. To accommodate bars or coil stock. 
this portion of the machine must be con- 
structed so as to permit the bars to be fed 
through from the rcar and to be held by 
collets rather than chucks. 

Special attachments can also be incorpo- 
rated on bar machines to increase produc- 
tivity, to decrease operator effort, or both 
(sec the section "Accessories" in this arti- 
cle). Machines that can handle bars up to 
about 203 mm (8 in.) in diameter are avail- 
able, but it is seldom economical to use this 
type of machine for solid bars this large, 
because of the time needed for cutoff. 

Single-spindle automatic bar machines 
are classified as cam controlled and pro- 
grammable (camless) machines. Cam-con- 
trolled automatic bar machines, requiring 
cams and speed-change gears for specific 

































applications. are used more extensively for 
the high-production requirements of a single 
part or family of parts. Camless automatic 
machines, programmed by toggle switches, 
pegboards, or numerical control/computer 
numerical control (CNC) units, provide sim- 
pler setup, faster changeover, and increased 
flexibility for shorter-run production. 

Single-spindle automatic bar machines 
are the bar machine counterparts of auto- 
matic turret lathes with regard to the oper- 
ations performed. In essence, they are small 
cam-operated turret lathes. 

Spindle-Turret Configuration. There are 
scveral different types of single-spindle auto- 
matic machines that produce parts directly 
from lengths of bar or tube, but all types 
utilize cross slides and some form of turret 
1o manipulate the tools. Some types are 
constructed so as to operate by the princi- 
ples of a horizontal turret lathe (Fig. 5). 

The essential components and operating 
principles of another type of single-spindle 
automatic bar machinc are illustrated sche- 
matically in Fig. 11. In this type of machine, 
the turret indexes by revolving on a hori- 
zontal axis at right angles to the longitudinal 
axis of the machine spindle and workpiece. 
The turret, which may have up to eight 
index stations, advances to the workpiece 
on а turret slide supported by the ways. All 
axial operations are performed by tools 
mounted in the turret. Tools mounted on 
the four cross slides can perform, consecu- 
tively or simultaneously, operations such as 
facing. form turning, grooving, or knurling. 

For any of these machines, work metal is 
supplied from a bar or tube held firmly in 
the spindle by a spring collet. After each 
piece has been completed, the bar is repo- 
sitioned for machining of the next piece by 
being automatically moved forward and 
butted against an established stop. Some 
means must be provided for supporting the 
bar section extending out the rear of the 
headstock in order to minimize the whip- 
ping action. Whipping will cause excessive 
vibration in the machine. 

Bars less than 50 mm (2 in.) in diameter 
represent the majority of those machined in 
this type of equipment. Single-spindle auto- 
matic bar machines are available to handle 
work ranging from minute parts such as 
watch staffs to bars approximately 203 mm 
(8 in.) in diameter. A large number of stan- 
dard tools and holders similar to turret lathe 
attachments are available for use on auto- 
matic bar machines. 

Cam-Controlled Automatic Bar Ma- 
chines. The components of а cam- 
controlled, single-spindle automatic Баг т; 
chine are illustrated in Fig. 12. A bar of 
stock is held firmly in the spindle by a 
spring collet and is rotated. Two sprockets 
on the spindle are driven by roller chains 
from driveshafts in the base. These sprock- 
ets run free, and either one or the other is 
engaged to drive the spindle by means of a 
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Fig. 12 cross-sectional view of the drive and control mechanisms of a single-spindle automatic bar machine 


friction clutch between the sprockets, This 
type of drive allows the direction of rotation 
to be reversed. 

Cutting operations are performed on the 
bar of stock by cutting tools held in a turret 
and on the cross slides. The regular turret 
has six or eight tool positions and is auto- 
matically indexed to bring each tool into 
position. Each operation is rapidly complet- 
ed. and it typically requires ^ s to index the 
turret to proceed with the next operation. A 
variety of standard and special attachments 
enable the machine to perform screw slot- 
ting and burring, cross drilling, and milling. 
The cross slides are two independent slides 
at right angles to the spindle. Both the turret 
and the cross slides are moved to the work 
through levers actuated by plate cams de- 
signed to give the proper feed to each tool. 
The slides are withdrawn from the work by 
springs. Adjustable stops for the cross 
slides permit the accurate repetition of 
formed diameters within close tolerances. 
The completed workpiece is cut off by the 








cross slides or by one of the upper slides 
actuated by a plate cam and lever. 

The bar of stock is automatically fed 
forward to the new cutting position after 
each piece has been completed. It is located 
by being butted up against a swing stop or 
turret stop. Coupled driving shafts, at the 
rear of the machine, are driven at a constant 
speed through transposing gears, the posi- 
tioning of which determines the direction of 
rotation and driveshaft speed. 

The timing of idle movements of the ma- 
chine, such as indexing, feeding stock. and 
reversing the spindle, is governed by clutches 
mounted on the driving shaft. These clutches 
are actuated by trip levers and trip dogs, 
which are adjustable on the dog carriers that 
rotate with the camshafts (Fig. 13). 

The main driveshaft supplies power 
through feed change gears to the lead worm- 
shaft (in the machine bed), which operates 
the two front camshafts through separate 
worms and adjustable wormwheels. The 
turret is indexed from the driveshaft 





through an intermediate gear and a sliding 
gear, then through a simple Geneva move- 
ment (Fig. 14) to index the turret, 
Programmable Automatic Bar Ma- 
chines. Camless single-spindle automatic 
bar machines are programmed by toggle 
switches, pegboards, control drums, 
punched cards, or NC/CNC units. They are 
simple to set up, permit faster changeover, 
and provide considerable flexibility. As a 
result, they are used more extensively than 
cam-controlled automatic machines for 
shorter-run production requirements. 


Swiss-Type Automatic 
Bar Machine 


The principle of the Swiss-type automatic 
bar machine was originally developed more 
than 50 years ago for the clock and watch 
manufacturing trades in Switzerland. The 
American version of the Swiss high-preci- 
sion automatic bar machine is particularly 
well adapted to the turning of pinion blanks, 
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studs, worm gears, indicator staffs, shafts, 
and other minute or slender parts used in 
clocks, meters, radio or electronic equip- 
ment, calculating machines, and a wide 
variety of industrial and laboratory instru- 
ments. 

The Swiss-type automatic bar machine 
works somewhat differently from other bar 
machines. The turning method employed in 
these machines makes them ideally suited 
to the production of small and slender, 
finely finished parts, and it consists of feed- 
ing a revolving piece of stock through a 
guide bushing past radially fed tools (Fig. 
15a). Unlike the turret-type single-spindle 
automatic screw machine, only single-point 
turning tools and narrow form tools are 
used. A more accurate designation for this 
type of bar machine would be precision 
sliding-headstock automatic lathe. 






Cam-Controlled Machines 

Figure 15(b) shows an end view of a 
Swiss-type bar machine, The single-point 
tools used on this machine are placed radi- 
ally around the carbide-lined guide bushing, 
through which the stock is advanced during 
machining operations. Turning of the diam- 
eter is primarily done by the two horizontal 
tool slides, while the other three tool slides 
in the upper half of the semicircle are prin- 
cipally used for such operations as knurling, 
chamfering, cutting off, and recessing. The 
stock is held by a rotating collet in the 
headstock back of the tools. and all longitu- 
dinal feeds are accomplished by a cam that 
moves the headstock forward as a unit. This 
forward motion advances the stock through 
the guide bushing and to the single-point 
tools, which are controlled and positioned 
by cams. By coordinating their movement 
with the forward movement of the stock, 
any desired shape can be turned. 

Sliding headstock and the five radial tools 
are traversed by individual cam action. In- 


dependent cam control of each of these 
units eliminates the need for wide form 
tools because the proper combination of 
headstock and tool movement generates 
pivot points, back shoulders, multiple diam- 
eters, taper, and so on. The complexity of 
the form-generating, back-shoulder. and 
back-recessing work that can be accom- 
plished within the capacity of the machines 
is shown in Fig. 16. Many parts incorporat- 
ing pivot points, extension spherical ends, 
and so on, can be completed and finished to 
final form in the cutoff operation with one 
automatic cycle of the machine, thus elim- 
inating secondary machining operations and 
the attendant loss of close concentricily. 

Workpiece Size Limitations. American 
machines range in chuck capacity from 4 to 
13 mm (%2 to V^ in.). Four machine sizes 
within this range are available for produc- 
tion and have 4, 9.5, 11, and 13 mm (%2, s, 
Ms, and V^ in.) maximum chuck capacities. 
The principal advantages of the smallest 
machines are higher spindle speeds and 
proportionally smaller working parts, which 
permit closer running fits and consequently 
the greatest possible accuracy. 

Parts produced on the 4 mm (%2 in.) 
machine range from 0.8 to 40 mm (%2 to 
1% in.). The largest of the machines, hav- 
ing a 13 mm (‘4 in.) maximum chuck capac- 
ity. can handle the greatest range of sizes. 
Using the standard headstock-feed plate 
cam, parts up to 70 mm (2% in.) in length 
can be produced. By substituting a special 
bell cam, the maximum length can be in- 
creased to 102 mm (4 in.). However. with 
the addition of a spe: steady rest to 
provide adequate support and a special 
stock stop to ensure accurate length, parts 
up to 229 mm (9 in.) can be produced by 
double feeding the stock. 

Production Speeds. Suited primarily to 
the production of parts that are too small. 
slender, or intricate for a turret-type auto- 
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matic machine, the Swiss-type automatic 
bar machine reduces the production time 
and improves the accuracy, compared 10 
the usual secondary operations and preci- 
sion bench-lathe work. Most standard sin- 
gle-spindle turret-type automatic machines 
produce small screw machine parts of sim- 
ple design in 3 s to approximately 6 min. 
Cycle times on Swiss-type automatic bar 
machines average about | min for most 
parts. Depending on the size, design intri- 
cacy, and finish required, however, cycle 
times may vary from as little as 2 s to as 
much as 4 or 5 min per workpiece. Reported 
scrap losses as high as 50% using other 
machining methods have been reduced to 
less than 10% using the Swiss-type automat- 
ic bar machine. Output can often be consid- 
erably increased by designing pai that 
as many as threc or four completed pieces 
can be produced and cut off beforc the 
nonproductive time of retracting the head- 
stock takes place. 

Tolerances. The cutting action on the 
Swiss-type machine is confined close to the 
support bushing. In this way, small tolerances 
can be held and good finishes obtained. 

Diameter tolerances of 50.005 to 50.013 
mm (20.0002 to +0.0005 in.) are common. 
The machine performs step, straight, taper, 
back, and form cutting and with an attach- 
ment can perform centering, drilling, and 
reaming. Tools are simple and adjustments 
easy. All tools that can, work at once, and a 
picce is finished in one pass, making the 
time short for most work. 

Lengths. Turned lengths to shoulders or 
other locations can normally bc held to 
+0.013 mm (20.0005 in.). Normal toleranc- 
es specified are 40.05 ог +0.08 mm (0.002 
or 50.003 in.), with +0.13 to +0.25 mm 
(50.005 to 0.010 in.) wherever design 
permits for maximum economy. 

Surface Roughness. With proper feeds 
and speeds, surface finishes from approxi- 
mately 1.25 рт (50 шіп.) to as fine as 0.125 
шт (5 ) can be obtained. In the manu- 
facture of instrument parts, surface accura- 
cy of 0.30 to 0.40 pm (12 to 16 pin.) is an 
average obtained in regular production. 























Computer Numerical 
Control Machines 

Swiss-type automatic bar machines with 
computer numerical control that eliminate 
the need for cams and minimize both setup 
times and necessary operator skill are ex- 
tensively used for lower-volume production 
requirements. Another important advantage 
of CNC-equipped machines is that the re- 
striction to 360^ layouts on cam-controlled 
machines is eliminated, permitting the in- 
corporation of machining operations that 
are difficult or impossible to perform on 
cam-controlled machines. These operations 
include deep-hole drilling, single-point 
threading (both left and right hand), taper 
cutting, and contouring. 
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(е) 
Fig. 14 Schematic of the rapid indexing mechonism of ће turret on the single-spindle automatic bor machine 
9. illustrated in Fig. 12. A trip mounted on a drum оп the cam shaft (Fig. 13) engages the Geneva 
mechanism dog clutch, which is mounted on the back shaft. The individual steps that occur during indexing are 
illustrated above. Before the crank moves (a), the components of the drive are in the horizontal position and the turret 
head is locked; thus, the slide movement is entirely controlled by the movement of the cam follower on the contour of 
the com, and the quadrant is engaged with the rack. A strong spring ensures that the cam follower is in positive contact 
with the cam. When the crack begins to rotate (b), the distance between the rack ond the Genevo indexing plate 
shortens, so that the spring can pull the slide to its extreme rear position against the positive stop. In this position, the 
pin on the crack indexes the Geneva plate by one division (c). Because the slide is hard against the dead stop, the 
movement of the crank also causes the cam follower to lift from the cam plate. In this way, changes in the cam profile 
are overridden. After indexing (d), the crank will return the cam follower to the cam profile (e). In the meantime, the 
cam—without participating in the indexing process—hos continued to revolve a small amount to the start of the next 
profile, When the cam follower is again in positive contact with the com, the crank is provided with the necessary 
reaction to push the slide forward during the final phase (f) against the spring force. With the crank back in its 
horizontal position, the turret is then locked with a locking pin. In the indexed condition, the slide will again move 
entirely under the contral of the cam profile for the next operation. 





and retraction of the headstock are con- 
trolled by a servomotor, which rotates a 
ballscrew for travel in increments of 0.0010 
mm (0.00004 in.). The machine spindle is 
driven by an ac motor and provides infinite- 
ly variable, programmable speeds. 


Multiple-Spindle Automatic 
Chucking and Bar Machines 


Although single-spindle screw machines 
climinate the need for constant operator 
attendance, only one or two of the tooling 
positions are used at any given time. Thus, 


1 CNC Swiss-type automatic bar 
simultaneous two-axis control 
for the x-axis toolholder and the z-axis head- 
stock. This permits straight, taper, and circu- 
lar turning, as well as threading. Five tool- 
holders, arranged in a radial configuration on 
these machines, are controlled by a servodisk 
(Fig. 17). Programmed signals from the CNC 
unit command the disk to select the predeter- 
mined toolholders, which travel the required 
distances by rotation of the disk. 

The sliding headstock on these machines 
has a hydraulic chucking device that carries 
the bar stock longitudinally. Advancement 












the total cycle time per workpiece is the 
sum of the individual machining and tool- 
positioning times of the several cutting 
tools. On multiple-spindle chucking and bar 
machines, sufficient spindles, usually four, 
six, or eight, are provided so that all tools 
cut simultaneously (Fig. 18). Therefore, the 
cycle time per piece is equal to the maxi- 
mum cutting time of a single tool position 
plus the time required to index the spindles 
from one position to the next. 

Multiple-spindle chucking and bar та- 
chines have two distinctive features. First, 
the multiple spindles are carried in a rotatable 
drum that indexes in order to bring each 
spindle into a different working position. Sec- 
ond, a nonrotating tool slide contains the 
same number of toolholders as there are spin- 
dles and thus provides and positions a cutting 
tool (or tools) for each spindle and imparts 
feed to these tools by longitudinal reciprocat- 
ing motion. In addition, most machines have 
à cross (or side) slide at each spindle position 
so that an additional tool can be fed from the 
side for facing, grooving, knurling, beveling, 
and cutoff operations. These slides are shown 
in Fig. 18. All motions are controlled auto- 
matically. 

The side slides are mounted radially around 
the spindles. There are four standard slides on 
the four-spindle machine and five standard 
slides on the six-spindle machine, with an 
additional optional slide available on each. 
The cight-spindle machine has six standard 
slides. These slides hold tools that will cut 
from the side of the workpiece. Each side 
slide is cammed individually and is driven by 
its own cam drum. Therefore, the feed rate 
can be different for each slide. The side slides 
feed slowly into the work to perform their 
cutting operations and then return to clear the 
spindles for indexing. 

In general, the two slides are used for 
making heavy roughing and forming cuts. 
The other slides are used to complete sub- 
sequent machining operations to the re- 
quired accuracy. 

With a tool position available on the end 
tool slide for each spindle (except for a stock- 
feed stop at one position), when the slide 
moves forward, these tools cut essentially 
simultaneously. At the same time, the tools in 
the cross slides move inward and make their 
cuts. These operations are illustrated sche- 
matically in Fig. 19. When the forward cutting 
motion of the end tool slide is completed, it 
moves away from the work, accompanied by 
the outward movement of the radial slides. 
The spindles are indexed one position, by 
rotation of the spindle carrier, to position 
each part for the next operation to be per- 
formed. At one spindle position, finished 
pieces are cut off, and the bar stock or work- 
piece is fed to the correct length for the 
beginning of the next operation. Therefore, a 
piece is completed each time the tool slide 
moves forward and backward. The principal 
components that regulate the mation of a 

















(a) 


(b) 


Fig. 15 


spindle turret in a multispindle automatic ma- 
chine are shown in Fig. 20. 

Multiple-spindle chucking and bar ma- 
chines are made in a considerable range of 
sizes. The sizes are determined by the di- 
ameter of the stock that can be accommo- 
dated in the spindles (Table 2). 

In tooling a multiple-spindle chucking or 
bar machine, it should be remembered that, 
because all cutting operations occur simul- 
taneously, the operating cycle of the main 
tool slide is determined by the operation 
that requires the longest time. Consequent- 
ly, the operations should be balanced so 
that each requires the same amount of time. 
Although this ideal frequently cannot be 
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Schemotic of a Swiss-type outomatic bar machine. (о) Primary components and their motion. (b) End 
view showing rocker cam and tool control mechanism 





achieved, careful planning permits it to be 
approached. Proper sequencing is impor- 
tant, and long operations can be broken up 
so as to be completed using two or more 
positions. Where a simple part is to be 
made, it is sometimes possible to arrange 
the tooling on a multiple-spindle automatic 
machine so that two pieces are produced in 
each revolution of the spindle carrier. 

The only attention a multiple-spindle 
chucking or bar machine requires is to keep 
the bar stock feed rack supplied and to check 
the finished products occasionally to make 
sure they are within the desired tolerances. 
One operator can usually handle several ma- 
chines. 
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Most multiple-spindle chucking or bar 
machines use cams composed of specially 
shaped segments that are bolted onto a 
drum to control the motions, thus reducing 
the need for special cams. Setting these 
cams and the tooling for a given job may 
require 2 10 20 h. However, once such a 
machine is placed in operation, the produc- 
tivity is very great. A piece can often be 
completed every 10 s. Typically. 2000 to 
5000 parts are required in a lot to justify 
tooling a multiple-spindle automatic. 

The precision of multiple-spindle chucking 
or bar machines is good, but seldom as good 
as that of single-spindle machines. However, 
tolerances of 0.013 to 0.025 mm (0.0005 to 
0.001 in.) on the diameter are common. 





Multiple-Spindle Automatic 
Chucking Machines 

Multiple-spindle chucking machines are 
available in models that can accommodate 
chuck sizes up to 305 mm (12 in.) and that 
have four, five, six, or cight spindles. These 
spindles, which rotate the chucks that hold 
the workpieces, are arranged radially 
around a main slide, which does not rotate 
but moves longitudinally. 

The spindle carrier is supported by, and 
indexes in, the frame of the headstock. The 
carrier is rotated by the index arm from the 
main camshaft and by the index plate, 
which is geared to the carrier. 

Cutting tools are secured in adapters, 
which are fastened to the cross slides or to 
the tool carriage by means of T-slots. In 
some machines, the tool carriage is actuated 
by means of a drum cam on the main 
camshaft so that all tools moving axially are 
controlled simultancously, Other types of 
machines have independent slides for each 
2 tool, controlled by individual cams. 
This permits greater versatility for tools 
working from the carriage. 

Multiple-spindle chucking machines are 
equipped with devices that permit some spin- 
dies to be stopped while machining continues 
on others. Stopping specific spindles allows 
loading and unloading as well as operations 
such as cross drilling. milling, or broaching. 
Loading and unloading of the workpiece are 
usually done manually, but if the production 
quantity justifies the cost, special equipment 
can be designed for the magazine loading of 
many kinds of workpieces. 

Advantages. Multiple-spindle chucking 
machines are intended to accomplish the 
same machining operations as single-spindle 
machines (automatic turret lathes). The main 
advantage of the multiple-spindle over the 
single-spindle machine is a reduction in ma- 
chining time per piece. In contrast to the 
single-spindle machine, in which tools from 
only one turret position are working at one 
time. the multiple-spindle machine can be set 
up so that all tools are working at one time. In 
the single-spindle machine, the time required 
for completing one piece is the sum of the 
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End view (a) end front view (b) of a CNC 5 
mechanism regulates the movement of the 





times required for the individual turret oper- 
ations (not considering cross slide operations 
that may be conducted simultaneously with 
turret operations). In multiple-spindle opera- 
tion, the time required for completing one 
piece is usually that required for the most 
time-consuming single operation. 

itations. The disadvantages of multi- 
ple-spindle chucking machines are high ini- 
tial cost, increased setup time, and in- 
creased cost of tooling. Therefore, these 
machines are intended for long production 
runs. 


Multiple-Spindle 
Automatic Bar Machines 

With respect to indexing of the spindles 
and tool-positioning methods, multiple- 
spindle automatic bar machines operate on 
principles essentially the same as those de- 
scribed in the section "Multiple-Spindle 
Automatic Chucking Machines” in this ar- 
ticle and illustrated schematically in Fig. 19. 
However, the construction of bar machines 


















iss-type automatic bar machine in which a servodisk control 
ive toolholders. 
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is entirely different from that of chucking 
machines with regard to spindles and relat- 
ed devices for holding and feeding the work 
metal. In multiple-spindle bar machines, the 
bars are supported in a stock reel attached 
to the rear of the machine (Fig. 21). The 
bars are moved automatically from the 
stock reel through hollow spindles and 
spring collets by means of feed fingers. 

Six-spindle machines are the most com- 
mon, although these machines are also 
available with four, five, or eight spindles. 
Some models can handle bars up to 203 mm 
(8 in.) in diameter, but few are used to 
machine bars larger than 127 mm (5 in.) in 
diameter, mainly because the cutoff opcra- 
tion consumes too much time to be compat- 
ible with other operations. 

As an indication of the capability of these 
machines, the spark plug shell illustrated in 
Fig. 22 was manufactured on a 32 mm (1% 
in.) capacity automatic bar machine at a 
rate of 800 pieces per hour, or 4.5 s per 
piece. Eighteen separate operations were 
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Fig. 18 


End views of the cross slides, end slide, 
and spindle arrangements for four-spindle 
(о), six-spindle (b), and eight-spindle (c) machines 


required to machine this component using 
21 mm (13/6 in.) hex-shaped steel. 


Vertical 
Multiple-Spindle Automatic 
Chucking Machines 

Machines of this type, as illustrated in 


Fig. 23. are designed for high production 
and are usually provided with either five or 
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Fig. 19 77 multiple-spindle automatic chucking 
or bar machine 


seven workstations and a loading position. 
Thus, a machine may have either a six- or 
eight-spindle configuration. In some ma- 
chines, two spindles are provided at cach 
station, doubling the capacity for small- 
diameter work. ‘The work to be machined is 
mounted in chucks: the larger machines 
have chucking capacities up to 457 mm (18 
in.) in diameter. Both plain and universal 
heads can be used; the latter provides for Stock 
tool feed in any direction. All varieties of reel 
machining operations can be performed, 
including milling, drilling, threading, tap- 
ping, reaming, and boring. The advantage of 
this machine is that all operations can be 
done simultaneously and in the proper se- 
quence. At each station, except the loading. 
one, an operation is performed that leads to 
the completion of the part when it has been 
indexed through all the working stations. 
The work cannot be indexed to the succeed- 
ing positions until the operation requiring 
the longest time is completed. Each time 
when all operations are completed, the 
work spindles stop, the tools are retracted, 
and the work table holding the spindles is 
indexed to the next position. 

Advantages. A vertical multiple-spindle 
automatic chucking machine occupies a 
minimum of floor space for its capacity, and 
each station is readily accessible to facili- 
tate setup and adjustments. A typical ma- 
chine would have a bed measuring 2200 mm 
(87^ in.) in diameter and 3600 mm (140 in.) 
in height, excluding the motor assembly on 
the very top of the machine. The tools are 
carried and fed on slides around a central 
column (Fig. 24). Slides are available for 
vertical, horizontal, angular. and combina- 
lion movements, and each slide feeds inde- 
pendently of the other stations. 

Applications. Components normally ma- 
chined on vertical multiple-spindle chuck- 
ing machines are round, have short lengths 
in relation to their diameters, and are too 
cumbersome for conventional horizontal 
multiple-spindle machines. These units have 
been extensively used to machine automotive 
components. such as torque converter hous- 
ings and 410 mm (16 in.) diam cast iron 


Spindle turret 


transmission cases. Use of the vertical multi- 
ple-spindle machine is ез ly advanta- 
geous in the latter case; scrap due to work- 
piece breakage is lessened because of 
reduced handling of the cast iron workpiece. 





Standard Cutting Tools 


Most cutting tools used in multiple-oper- 
ation machining are similar to those used for 
the same operations conducted individual- 
ly. For example, a drill made of the same 
cutting angles will ordinarily be used for 
drilling a given work metal regardless of 
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Fig. 20 Spindle-turret mechanism of a multispindle automatic chucking or bor machine 
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Fig. 21 Basic components of о multiple-spindle automatic bar machine 


whether the drilling is done as a single 
operation in a drill press or as one of several 
operations in a sequence on a multiple- 
spindle automatic machine. The same is 
usually true for reamers, taps, threading 
dies, boring tools, and single-point turning 
tools. 

There are sometimes exceptions for the 
tools listed above. In a sequence of opera- 
tions in multiple-operation machining, one 
tool may be unavoidably abused in order to 
obtain better efficiency from other tools 
that operate in sequence. Under these cir- 
cumstances, tools such as drills or reamers 
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Table 2 Typical automatic bar and chucking machines and capacities 





Maximum stock diameter. 
‘or chucking capacity 


Maximum 
length of turn 
with main slide 


Maximum 
stock feed in 
‘one movement 














Machine type mm in. mm mm in. 
Bar machines 
Single spindle. — x 51 z 127 3 6 
67 2% 152 6 12 
203 (241 tubing) В (9% tubing) 229 9 B 
8 178 T 18 
- - 4 
Four spindle 203 8 10 
200 Th 8 
152 6 6 
Six spindle 203 8 10 
254 10 12 
152 6 6 
Eight spindle 203 8 10 
254 10 Li 
Chucking machines 
Four spindle i 254) ба) 152 6 
305 (298) 12 (Уа) 203 х 
Five spindle mm Ra) 152 6 
Six spindle... a 305ta) 12а) 203 Li 
229 (260Mad 9 (0G 203 В 
178 (14ка? 70 4yar 182 6 
Eight spindle .............. 1820) ба) 152 6 
203) LIU 203 к 


(a) Maximum swing 





are often made from a more highly alloyed 
high-speed steel, such as M33 or TIS, than 
they would be otherwise. 

Tool design is sometimes modified from 
that normally used for single-operation ma- 
chining when experience with a specific 
application indicates the need. Information 
on tool material and design for specific 
operations is available in the Section ""Tra- 
ditional Machining Processes" in this Vol- 
ume. Features of cutting tools that are 
unique to the machining of specific metals 
are covered in the Section "Machining of 
Specific Metals and Alloys" in this Volume. 

Radial Tangential Turning. Some multi- 
ple-operation machines (notably turret 
lathes) have a saddle-type, positively driven 
tool carrier supported on the ways. With 
this type of equipment, turning tools are 
mounted on the carrier, thus permitting 
turning of the workpiece by the same pro- 
cedures used with an engine lathe (see the 
article "Turning" in this Volume). 

When using machines that do not have a 
saddle-type tool carrier. turning must be 
done from the turret or the tool carriage 
supported by a main slide (depending on the 
type of machine). Under these circumstanc- 
es, more elaborate toolholders are neces- 
sary to maintain rigidity in the tools and 
sometimes to prevent bending of the work- 
piece (see the section "Tool Adapters and 
Mountings" in this article). However, 
mounting the tools for turning from turrets 
or tool carriages does permit greater flexi- 
bility in locating the tools radially at various 
positions than when such tools are mounted 
on a carrier supported by the ways. 

In tangential cutting, the turning tool 
set so that the bottom of the side cutting 


























edge is on the vertical centerline of the work 
(Fig. 25). In radial cutting. the top of the 
side cutting edge is set on the horizontal 
centerline (Fig. 25). In many cases, the 
choice between tangential and radial cutting 
(where it is convenient to use cither one) is 
arbitrary. Tangential cutting is often pre- 
ferred for finish turning, particularly of 
brass and aluminum. 

Tool material, design, and rigidity arc 
all major influences on productivity, tool 
life, tolerance, and finish. Experience with 
specific applications often indicates that 
changes in tool material or design. or both, 
will improve results 

Although the composition of the metal 
being machined is usually the most impor- 
tant factor affecting the selection of tool 
material and design, the rigidity of the 
equipment and the specific conditions of the 
workpiece must also be considered, For 
example, carbide tools are not recommend- 
ed for applications in which chatter is likely 
to develop or for workpieces requiring in- 
terrupted cutting. 

Lack of rigidity in toolholders can erase 
all benefit gained from careful selection of 
tool material and design. Vibration allows 
chatter, and chatter results in dimensional 
inaccuracy and poor finish, as well as in 
subnormal tool life. For drills, reamers, 
boring bars, or other shank-mounted tools, 
the ratio of the unsupported length of the 
tool to its diameter is the main factor influ- 
encing rigidity. For holding tolerances of 
+0.025 mm (+0.001 in.). an unsupported 
length 34 times the tool diameter is about 
the limit that can be machined. Thi: 
sometimes exceeded. In applicati. 
which tolerances are not close and all cut- 





















ting tools are made of high-speed steel, it is 
unlikely that carbide cutters would survive 
this lack of rigidity. When a high length- 
to-diameter ratio is mandatory for a specific 
application, solid carbide tools or boring bars 
are sometimes used, because carbide has a 
modulus of elasticity about three times that of 
steel. Methods of holding and supporting 
tools are discussed in the section “Tool 
Adapters and Mounting" in this article. 


Form Tools 


Tools used for form turning are more 
important in multiplc-operation machining 
than in engine lathe work. Form tools arc 
used for turning a wide variety of tapers, 
grooves, and special shapes—often, several 
simultaneously. 

Although there is no limit to the complex- 
ity of shape that can be incorporated in form 
tools and transferred to the workpiece, 
there is no limit to the total width of forming 
cut that is practical in a machine of a given 
horsepower. Form tools are moved in at 
right angles to the axis of the workpiece, 
thus making plunge cuts. Therefore. form- 
ing cuts are seldom wider than 83 mm (3/4 
‚ and most are less than 64 mm (27/5 in.) 
wide. mainly because of the power that 
would be required for forcing wider tools 
into the work. 

Relief and back rake angles for form tools 
are essentially the same as for single-point 
tools, which vary with the metal being ma- 
chined (see the article "Turning" and the 
Section "Machining of Specific Metals and 
Alloys" in this Volume). A major difference 
between form tools and single-point tools, 
however. is that single-point tools are usu- 
ally ground with a side rake angle. while 
form tools are not. Because form tools are 
used for plunge cutting, by movement of the 
cross slide, the cutting edge is kept parallel 
to the longitudinal axis of the workpiece, 
and no side rake is used. This simplifies the 
sharpening of form tools because only the 
top of the cutting edge need be ground; 
thus, the established back rake angle is 
retained. 

Regardless of size or design, form tools 
are of two general types: flat and circular 
(Fig. 26). Each has advantages and disad- 
vantages over the other, as noted in the 
following discussion. 

Flat form tools are most commonly of the 
dovetail type (which refers to the method of 
mounting), shown in Fig. 26(a), although 
simple flat form tools for mounting on stan- 
dard tool posts are also available. Rigidity is 
especially difficult to maintain in form turn- 
ing, and the dovetail method of mounting 
the cutting tool in the holder or adapter is 
preferred because it provides greater rigi 
ity than tool post mounting. 

Most flat form tools are made from high- 
speed steel. mainly because high-speed 
steel is less sensitive than carbide to lack of 
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Tool layout for a 21 mm (110 in.) hex-shaped by 32 mm (174 in.) long spork plug shell machined on 
оп eight-spindle automatic bor machine. It required 4.5 s, at a production rate of 800 pieces per hour, 


o machine the part of open-hearth Grade A steel using the following sequence of operations. (a) Position 8: feed out 
rough form, spot drill. (b) Position 1: finish form portion, drill partway. (c) Position 2: finish form portion, drill 
partway. (d) Position 3: knurl, drill partway. (e) Position 4: finish form remainder, mark for cutoff, drill partway. (f) 
Position 5: shave, chamfer, drill remainder. (9) Position 6: stencil, accelerate ream, (h) Position 7: cutoff 


rigidity. Some tools have an alloy steel body 
and inserted cutting edges of high-speed 
steel. The inserting practice is most often 
used for larger tools or in applications in 
which the general-purpose high-speed steels 
have proved inadequate; in such applica- 
tions, special grades such as T15, M4, or 
M44 are required. It is seldom practical to 
make the entire form tool from these more 
highly alloyed grades of high-speed steel, 
because they cost two or three times as 
much as the general-purpose types. In ad- 


dition, the highly alloyed grades are ex- 
tremely difficult to machine, which further 
increases cost. 

Carbide inserts are also used for flat form 
tools and are satisfactory if the setup is 
sufficiently rigid. Carbide cutting edges are 
especially well adapted to the form turning 
of soft metals such as aluminum and brass 
at high speeds (often up to 180 m/min, or 
600 sfm). 

Rigidity is the main advantage of flat form 
tools of the dovetail type over circular form 
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tools. The main disadvantage of flat form 
tools is higher cost. Flat form tools (partic- 
ularly of the dovetail type) are more expen- 
sive to produce because of the numerous 
machining operations involved. In addition, 
the total life of a flat form tool is usually less 
than that of a circular tool because a flat 
tool cannot be ground as many times. 

Circular form tools (Fig. 26b) are simpler 
to make than flat tools because the required 
contour can be produced by turning. After 
turning, only a milling operation is needed 
to provide the cutting edges. As indicated in 
Fig. 26(b), the tool is often locked in the 
adapter by means of serrations on one face 
that engage matching serrations in the 
adapter. 

Circular form tools are seldom made with 
inserts, because this would destroy their 
two main advantages over flat form tools; 
namely, simplicity of production and longer 
tool life. When made from solid material, 
circular form tools have extremely long lifc 
because they can be reground repeatedly as 
long as there is enough metal remaining for 
mounting. Most solid circular form tools are 
made from a general-purpose high-speed 
steel, such as M2, although a more highly 
alloyed grade can be used when necessary. 
Some circular form tools are made of solid 
carbide. The primary disadvantage of circu- 
lar form tools is the difficulty of mounting to 
obtain the same degree of rigidity as with 
dovetail tools. 


Tool Adapters 
and Mountings 


The T-slot principle of mounting, shown 
on the two form tool adapters in Fig. 26, is 
used for most tools that operate from cross 
slides, regardless of how the adapter is 
designed. T-slot mounting is also used for 
securing tool adapters to carriers that move 
axially on the main slides of multiple-spin- 
dle machines (Fig. 19). The tees used for 
mounting are similar to those used for cross 
slide mounting (Fig. 26), except that they 
are parallel to the axial cutting direction of 
the tool instead of being at right angles to 
the direction of cutting. 

Turret Tool Configurations. Turret tools 
are usually mounted by one of three meth- 
ods. depending on the type of turret. The 
most common method of mounting tools on 
the main turret of a conventional horizontal 
turret lathe (Fig. 5) is the use of a standard 
type of adapter that is fastened directly to 
the turret face by means of four bolts (Fig. 
27). For single shank-type tools such as 
drills or reamers, the adapter can be a 
simple holder that is modified for various 
sizes of tool shanks by means of bushings. 
The adapter shown in Fig. 27 is of a more 
complex design that holds one turning tool 
and one boring tool, thus enabling two 
operations to be performed at one position 
of the turret. Special adapters are available 
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that hold three or four tools for performing 
three or four operations simultaneously, 
particularly when the turret is capable of 
moving horizontally in two directions. 
Turrets that rotate on a horizontal axis 
parallel to that of the workpiece (Fig. 8) 








Double-purpose 
tool slide | 


(b) 


Schematic showing a horizontal view (c) and a vertical view (b) of on eight-spindle vertical automatic 
chucking machine illustrating seven workstations plus one leading station 





require a rugged mounting between the tur- 
ret and the tool to maintain rigidity. Conse- 
quently, the tool adapters (Fig. 8) are se- 
cured to the turret with dovetails. Coarse 
adjustment of the tool is obtained by loos- 
ening the entire adapter and sliding it along 
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(b) Circular form tool 


Two principal types of form tools shown in 
adapters for mounting on the cross slide 


Fig. 26 


the dovetail slot in the turret. Finer adjust- 
ment is obtained by moving the tool within 
the adapter. Turrets that rotate on a hori- 
zontal axis at right angles to the axis of the 
workpiece (Fig. 11) have bored holes in 
which tool shanks can be inserted directly, 
if of the same diameter as the holes, or 
(more usually) in which round shanks of 
standard tool adapters are inserted and 
locked. 





Workpiece Supports 


One feature of construction common to 
all types of machines discussed in this arti- 
cle is the absence of a tailstock. Conse- 
quently, workpiece overhang can become a 
problem. As unsupported length increases, 
the difficulty in controlling dimensions in- 
creases, along with the possibility that the 
workpiece will climb on the tool, which has 
often been responsible for a costly wreck. 
The amount of unsupported length that can 
be tolerated depends greatly on the opera- 
tions being performed. For cross slide op- 
erations such as form turning, an unsup- 
ported length of about 3⁄2 times the 
diameter is usually the recommended max- 
imum. 











Turret 
face 


Workpiece- Adapter 


" Melhod of mounting tools to the face of 
Fig. 27 e main iora on a horizontal turret lathe 


Natural Support. Sometimes, a se- 
quence of operations to be performed can 
be planned such that the workpiece is pro- 
vided with natural support from the tools. 
For example, it may be possible to perform 
Simultaneous operations with axially and 
radially mounted tools; in this case, a drill 
provides a measure of support while form 
turning is accomplished from the cross 
slide. Cutting simultaneously from two or 
more cross slides is another method by 
which sufficient support is achieved by nat- 
ural means. Usually, however, where un- 
Supported workpiece length is equal to sev- 
eral diameters, some Special means of 
Support must be provided when the outside 
diameter of the workpiece is machined. 

Roller supports (Fig. 28) are frequently 
used where workpiece overhang is exces- 
sive. Usual practice is to mount such a 
device on a cross slide opposite the direc- 
tion of the cutting forces: this prevents 
bending of the workpiece during machining. 
As seen in Fi the rollers can be adjust- 
late a range of workpiece 

s. Supports similar to the type 
shown in Fig. 28 but in which the work is 
supported in a vee instead of by rollers have 
also been successfully used, but supports 
that use rollers are preferred. 

Box Tools. Roller (or vce) support can also 
be used for axial turning, as from a turret. 
Tools used for this procedure combine sup- 
port with one or more cutting tools. Tools that 
incorporate both support and cutters are of- 
ten called box tools and are made in a variety 
of designs and sizes. A box tool that incorpo- 
rales two supporting rollers and one cutting 
edge is illustrated in Fig. 29. 

In turning with this type of tool, the 
rotating workpiece passes between the roll- 
ers and cutter. The cutter is set slightly 
ahead of the rollers (usually about 0.8 mm, 
or ‘42 in.), which allows the rollers to begin 
their function of providing support as turn- 
ing progresses. As indicated in Fig. 29, both 
the rollers and the cutter can be adjusted. 
permitting considerable size variation (com- 
monly about 100%) for any given tool. 

Die Head Support. The use of adjustable 
die heads is another means of providing 
support for workpieces while performing 
axial cutting. Die heads used for this pur- 
pose are similar in construction to those 
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Acjustabie. 
carrier 
far roller 





1 Roller support used to prevent the work- 
Fig. 28 piece from bending during machining 


used for die threading (sec the article “Die 
Threading” in t Volume) and can be 
mounted on the face of a turret or to a 
sliding tool carriage. The dic head serves as 
à holder for four identical cutting tools. The 
cutting tools can be used for plain turning, 
contour turning, taper turning, turning of 
multiple diameters, and some types of form 
turning. The four tools are mounted in the 
die head 90° apart; therefore, each tool is 
directly opposite another tool, and the cut- 
ling forces during operation are balanced. 
End Support. In some cases. particularly 
for extremely small workpieces, end support 
is more practical than side support. Fither 
male or female supports can be mounted in a 
turret or a tool carrier that slides axially. In 
effect, this type of support serves the same 
Purpose as a tailstock on an engine lathe. 


Selection of Equipment 
Procedure 












and 


In choosing the most appropriate ma- 
Chine for processing a given workpiece at 
the lowest cost, one or more of the follow- 
ing factors must be considered: 


© Workpiece shape or product form 
* Workpiece size 

* Type and number of operations required 
* Production quantity 

* Production rate 

* Special requirements 

* Cost 


The following sections discuss the influence 
of these factors and present examples that 
describe equipment and techniques selected 
for specific production applications. 


Workpiece Shape 
and Product Form 

In most cases, the product form of the 
work material is known before the machine 
and procedure are selected: therefore, the 
choice between a bar machine and a chuck- 
ing machine is established. It is common 
practice to cut bars into slugs for processing 
in a chucking machine, Particularly when 
the bars are large and the time required for 





uthing 





1 sior mounting 


29 Box tool with rollers for support of the 
workpiece during axial turning 


Fig. 


the cutoff operation on a bar machine would 
impair the efficiency of the operation se- 
quence. 

The shape of a casting or a forging may 
determine whether a single-spindle or a 
multiple-spindle chucking machine is the 
better choice. Workpieces that are symmet- 
rical and can be placed directly in a two-jaw. 
or three-jaw chuck present less of a problem 
than irregularly shaped workpieces that re- 
quire special holders. Work holders add 
substantially to the cost of tooling, and to 
justify the cost of tooling multiple spindles, 
total production quantities of parts requir- 
ing work holders must be larger than for 
parts that can be chucked directly. Large, 
irregularly shaped parts that must be fas- 
tened to a face plate are invariably ma- 
chined on a single-spindle machine. When 
none of the multiple-operation machines 
uses a tailstock, the amount of overhang of 
the workpiece (or its length-to-diameter ra- 
tio) may affect the selection of machine and 
procedure. 

Some workpieces are so complex, fragile, 
or asymmetrical (or all three) that they are 
not well suited to machining on any of the 
conventional multiple-operation machines. 
One alternative is to machine small quanti- 
ties of such parts on an engine lathe and to 
machine large quantities on units specially 
built for the specific application. Another 
alternative is to use a combination of ma- 
chines, as in the following example, in 
which both an engine lathe and turret lathes 
were used. 

Example 1: Use of Turret and Engine 
lathes for Machining a Complex, Non- 
rigid Casting. The malleable iron casting 
shown in Fig. 30 presented problems in 
machining because a lack of rigidity result- 
ed from the thin web connecting the hub 
and the rim and because the asymmetrical 
shape caused severely interrupted cutting. 
All lathe operations on these parts were 
done in three separate steps: two in manu- 
ally operated turret lathes and опе in an 
engine lathe. 

As shown in Fig. 30 (see operation 1), 
each casting was first located in the chuck 
of a turret lathe by means of specially 
designed spring-loaded bushings. Two 
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Fig. ЗО Machining an asymmetrical, nonrigid costing. Dimensions given in inches 





Table 3 Guide for the selection of chucking machines on the basis of 
workpiece weight and production quantity 


T 











Machine for processing forgings or castings weighing ——— 


Lat size, pieces 23-11 kg (5-25 Ib) 11-23 kg (25-50 Ib) Over 23 kg (SU Ib) 








Up to 10 Horizontal turret lathe or Vertical turret lathe Vertical turret lathe 
‘engine lathe 

10-100. Horizontal automatic lathe Vertical turret lathe Vertical turret lathe 

(automatic or with (automatic or with 
tape control) 

100-1000. . Horizontal Vertical automatic 
multiple-spindle multiple-spindle turret lathe 
automatic automatic 

1000-100 000. Horizontal Vertical Опе or two 
multiple-spindle multiple-spindle double-spindle 
automatic (possibly with automatic vertical automatic 


turret lathes 





‘automatic loading 
Continuous high 


production Special machine for 


- Horizontal 
multiple-spindle 
automatic; automatic 


loading. 





automatic: automatic 
loading 





clamps held the workpiece rigidly against 
the locating pins. Driving was accomplished 
with a pin that extended through the 19 mm 
(% in.) diam hole in the web. After being 
drilled, turned, faced, bored. and reamed, 
the workpiece was transferred to an engine 
lathe, where it was mounted in a reverse 
position on an expansion arbor and again 
driven with a pin extending through the 19 
mm (% in.) diam hole for machining as 
indicated in operation 2 in Fig. 30. 

The workpiece was then reversed again. 
mounted on a face plate, and chucked in a 
second turret lathe. The short side of the hub 
(side X, Fig. 30) was held against a shoulder 
ona threaded arbor, and two jacks were set in 
position against the web section to keep the 
part from springing while it was being ma- 
chined. With this setup, lathe operations were 
completed in three stages, utilizing the cross 
slide and turret tools as indicated in opera- 
tions 3, 4, and 5 in Fig. 30. The cross slide 
tools (1 and 2) were spaced far enough apart 
to straddle the face plate as it revolved. 

As Fig. 30 indicates, only four of the six 
positions on the main turret were used in 
operations 3, 4, and 5, and only three of 
these were used for cutting. Position C on 
the turret was used for indicating to reset 
the supporting jacks. 

All operations were done without cutting 
fluid at a spindle speed of 255 rev/min. 
Feeds were manually controlled at 0.089 
mm/rev (0.0035 in./rev). Cutting tools were 
made from high-speed steel. This casting, 
which weighed 0.68 kg (1.5 Ib), was not 
large or heavy enough to require counter- 
balancing while being rotated, but work- 
pieces of similar shape that weighed more 
than 1.4 kg (3 Ib) would require counterbal- 
anced chucks. 


Workpiece Size 

Workpiece size, alone or in conjunction 
with shape, sometimes restricts the choice 
of machine that would be suitable. Some 
plants have developed guides to the selec- 
tion of machines on the basis of workpiece 
size or weight and other variables. Table 3, 
for example, was developed in one plant to 
be used in selecting chucking machines for 
processing forgings and castings on the ba- 
sis of weight and quantity of workpieces. 
Although useful as guides, such tables are 
often deficient because they do not consider 
all the factors by which machine selection is 
determined. For example, in Table 3. à 
multiple-spindle machine is recommended 
for machining workpieces weighing 2.3 to 
IL kg (5 10 25 Ib) in lots of 1000 to 100 000. 
This recommendation docs not take into 
account that some workpieces are of such 
shape that a multiple-spindle machine could 
not be used or that some requirements, such 
as special tolerances, might preclude the 
consideration of multiple-spindle equip- 
ment. 


Although most bar machines (particularly 
multiple-spindle bar machines) are built for 
handling bars or tubes less than about 76 
mm (3 in.) in diameter, single-spindle ma- 
chines, as well as multiple-spindle machines 
with up to four spindles, are available that 
can handle bars up to 203 mm (8 in.) in 
diameter. The maximum diameter of work 
material that can be handled in machines 
having more than four spindles decreases as 
the number of spindles increases. 

Parts are seldom machined from solid bar 
stock larger than about 76 mm (3 in.) in 
diameter because: 





* The cutoff operation is too lengthy to be 
compatible with other operations 

е The initial cost of large multiple-spindle 
machines often becomes prohibitive be- 
cause the high burden rate is reflected in 
the cost of the finished part 
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Multiple-Operation Machi 


Consequently, when making parts from the 
larger sizes of bars, it is usually more prac- 
tical to cut them into slugs in a preliminary 
operation and then use a chucking machine. 
This practice, however, has a disadvantage 
when the metal enclosed by the chuck also 
requires machining. Under these condi- 
tions, cither a preliminary or a secondary 
operation is required. 

The size of the workpiece alone seldom 
influences a choice between a hand-oper- 
ated and an automatic machine, but work- 
piece size is likely to influence the choice 
between single-spindle and multiple-spindle 
machines. This is particularly true for 








chucking machines. For example, some 
workpieces are of such shape that they can 
be held in relatively small chucks, but other 
portions would require clearance between 
workpieces that would be out of proportion 
to the chuck size, thus precluding the use of 
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a multiple-spindle machine, An example of 
such a workpiece is a wheel-like part having 
a relatively small hub that can be used for 
chucking. 

In other applications, the chucks required 
for a given size of workpiece are too large 
for practical consideration of multiple-spin- 
dle equipment. For example, if a multiple- 
spindle machine were to be used for ma- 
chining 34 mm (13746 in.) diam castings, the 
spindles would necessarily be located on a 
1015 mm (40 in.) diam circle (minimum) and 
would require a work space at least 1.5 m (5 
ft) in diameter. Although such a large ma- 
chine could be obtained, the large capital 
investment could not be justified unless 
quantity requirements were extremely high. 





Type and Number of Operations 


The number of operations frequently re- 
fers to the number of dimensions obtained 


Carbon steel casting 
ASTM A? б, досе WCB 
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Т Орегабовіа) = 1 
Parameter 1 1 3 4 s 6 7 9 1 и n 1з 
Speed. rev/min 21 НП 211 37 20 211 89 211 НП mo 32 НП ЯП 
Speed. m/min (stm) . 760250) — 49(1600 — 91(300) — Contact Contact 941310) — 10033) 2308) 24(80) Contact 4(13) 490160) Contact 
Feed. mm/rev (in.irev).,.0.58 (0.023) 0.58 (0.023) 0.58 (0.023) Contact Hand 0.58 (0.023) 0.38 (0.015) 0.58 (0.023) 0.58 (0.023) Hand Lead 0.58 (0.023) Hand 
Length of cut, mm (in.) ... 41 (15%) 16 8) SEQ) 20.6 (7/6) Contact 76 (3) 76 (3) 1305) — 320) 25) 41099) 3.204) 
Machining time, h ~ 0.0434 0.0200 0.0566 — 0.0166 0.0066 0.0834 0.0354 0.0066 0.0132 0.0134 0.0216 0.0066 
Handling time, һ 0.0334 0.0200 0.0200 0.0200 0.0200 0.0250 0.0200 0.0200 0.0200 0.0268 0.0334 0.0200 








(a) Serrating tool, core drill, and tap were made of high-speed steel: all other tools were of carbide. All machining was done without cutting fluid. 





Fig. 31 sequence of operations for machining steel castings, held and indexed in a box chuck, in a horizontal turret lathe. Dimensions given in inches 
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on a workpiece by machining. This number 
may differ from the number of tools becausc 
in many applications one tool performs two 
or more operations. Seldom should any 
type of turret lathe or automatic machine be 
considered for parts that can be machined 
with fewer than three different tools. 
Because of the way they are constructed, 
turret lathes generally have less tool cap: 
ity than machines having a sliding tool car- 
riage. For example, although turret lathes 
having as many as 9 turret stations have 
been used in production for performing as 
many as 25 operations, most turret lathes 
have no more than 6 turret stations and a 
cross slide. The tool clearance usually limits 
the number of turret stations. Therefore. 
when more than eight or nine tools are 
required, machines having cross and longi- 
tudinal slides should be considered. 
Although it is possible to mount as many 
different axial tools in a single-spindle ma- 
chine as in a multiple-spindle machine, 
there are limitations on the number that can 
be cross slide mounted in single-spindle 





(воне), ^v 1213 steel 












i Sequence vf operationsia) 
‘Single-spindle machine Six-spindle machine 





Longitudinal tools 


Turret tools 
1. Spot drill: rough 


























1. Turn OD turn OD 
2, Spot drill 
3 Tap drill 2. Tap drill: rough turn 
4, Step drill a 
$. Undereut Sepan 
6. Tap 4. Undercut 
5. Tap 
Cross slide tools 6. Step ream 
г. Radius corner pev 
2, Cut off 
1. Radius back corner 
Secondary operations 2. Finish form OD 
Step ream 3 
Stamp 4 
Knurl 5. 
6. Cut off 
Roui Single-spinde Si 
Setup бан 4 
Tool life per grind, pieces . 1% 
Production, pieces per hour. - 124b) 





For both machines; spindle speed was 645 revimin (64 mimin. 
or 210 sfm, max). feed was 0.079 mavrev (0.0031 in./rev), carbide 
Wols were used, and cutting fluid was a blend of Tard and 
Sulfurized oils mixed 410 | with mineral oil having a viscosity of 
100 Suybolt Universal seconds ISUS). (bl Parts sull required 
secondary machining operations. which had been completed on 


machines. Therefore, when some of the 
tools are not adaptable to turret mounting, a 
single-spindle machine will have less capac- 
ity than a multiple-spindle machine. Some 
tools (for example, thread rolling tools) 
must be mounted accurately in relation to 
other tools; under these conditions, turret 
mounting is inadequate. Consequently, 
there are many parts for which the types of 
operations or the number of operations, or 
both, indicate the most practical machine 
and procedure. 

In making some parts, spindle rotation 
must be stopped to permit cross-machining 
operations. In multiple-spindle machines, 
one or more spindles can be stopped while 
the others continue working. Consequently. 
for applications in which operations such as 
cross drilling or milling are incorporated in 
the sequence, a multiple-spindle machinc is 
usually the most practical. 

When workpiece shape is such that all 
surfaces being machined can be indexed 
around a common center, a box chuck can 
be used, thus extending the number of pos- 
sible operations. One such part is described 
in the following example. 

Example 2: Thirteen Operations in a 
Turret Lathe. A horizontal turret lathe was 
used to perform 13 operations on carbon 
steel castings, as shown in Fig. 31. The 
shape of these castings made it possible for 
all machined surfaces to be indexed around 
a common center: therefore, they were held 
in a box chuck that could be indexed 
through 360° around a vertical axis. 



























1112 steel 





1. Feed stock 5. Bend end 
2. Rough turn 6. Mill flats 
3. Rough point. 7. Form 

4. Finish point 8. Cut off 
Processing details 


. 2260 revimin (59 mimin, or 
fm) 
mmirev (0.001 in./rev) 








Feed 
Cutting fluid 
Production rate. 

piccesih . 















(а) One part heavy thread-grinding ой (79% fat, 15% sulfuri mixed 








the six-spindle machine 

i Comparison of single-spindle and six-spin- 
Fig. 32 jj амотонс bar machines in machining 
the part shown. Dimensions given in inches 


Wih for parts mineral ой having a viscosity of 100 SUS 
А Complex part machined to close toleranc- 

Fig. 33 коп profile stock in a single-spindle 

‘automatic bar machine. Dimensions given in inches 





As shown in Fig. 31, from the first index 
position of the box chuck, two opera tions 
were performed using one turret position, 
In the second index position of the work- 
piece, two turret positions were utilized to 
perform three operations. Position 3 of the 
turret was equipped with a multiple tool- 
holder, which held the facing tools used in 
operation 3 as well as the serrating tool used 
in operation 4. 

Six operations were performed in a third 
index position of the workpiece, utilizing 
five turret positions and six tools. Turret 
position 4 was equipped with taper holders 
that allow quick changes of shank-type 
tools (operations 7 and 11). The workpiece 
was then returned to the same index posi- 
tion used for performing operations 1 and 2. 
In this final position of the workpiece, two 
more operations were performed from two 
different positions of the turret. Additional 
processing details are included with Fig. 31. 

In cases in which quantities are low, this 
same general type of part is machined on 
vertical turret lathes; however, production 
quantities of the part in this example were 
sufficient to warrant the cost of fixtures and 
tooling, which resulted in lower processing 
costs and improved reproducibility, 

Single-Spindle Versus Multiple-Spindle 
Automatic Machines. For some parts, it is 
impractical to complete all operations on a 
single-spindle machine becaus: of insuffi- 
cient cross slide capacity, and it is neces- 
sary to use secondary operations or 10 


















Workpiece 
1022 steel 


å forging 
anrevied) 





Insert material(a) 


Original . . Conventional tungsten 
carbide 
Revised .. Special titanium carbide 


Processing details (for inserts of both materials) 








Speed..... 1564 rev/min (94 m/min, 
or 307 sfm) 

Есей. . OLS mmirev (0.006 in./ 
rev) 

Cutting fluid . 2.2... o -+ + Soluble-oil:water (1:20) 

Production rate. pieces ..27.6 

Tool life per edge - 100 pieces 


а) Inserts vf both materials were triangular (6.4 mm. or Vi in. 
inscribed circle) with negative rake. Original insert had 0.8 mm. 
VAS io.) nose radius: revised insert, 0.4 mm (Yes in.) A 0.4 mm 
Mia in) nose radius was tried with the original insert. but the 
finish was unsatisfactory 











; Turning operation in which score marks 
Fig. ЗА ere climinated by changing from a tung- 
sten carbide to а titanium carbide insert. Dimensions 
given in inches 


change to multiple-spindle machines. The 
following example describes an application 
in which a multiple-spindle machine was 
preferred over a single-spindle machine be- 
cause it proved to be more efficient in 
machining the workpiece. 

Example 3: Single-Spindle Versus Six- 
Spindle Bar Machines. Figure 32 compares 
procedures and results for single-spindle 
and six-spindle bar machines in producing a 
small part from 32 mm (1⁄4 in.) diam 1213 
steel bar stock. As noted, with the single- 
spindle machine, it was necessary to stamp, 
knurl, and step ream in secondary opera- 
tions because of inadequate cross slide ca- 
pacity. With the six-spindle machine, it was 
possible to produce complete parts at a rate 
three times as fast as the single-spindle 
machine could produce parts that still re- 
quired three operations. 





Production Quantity 

For lots of fewer than about 12 pieces, 
none of the machines discussed in this arti- 
cle is economical. Regardless of the opera- 
tions required, a lower-cost machine is 
more practical for machining a few pieces. 
Manual turret lathes are the most logical 
choice for lots of about 12 to 200 pieces and 
are sometimes used for much larger quanti- 
ties. 

When lot size exceeds about 200 pieces, 
an automatic turret lathe (single-spindle 
chucking or bar machine) should be consid- 
ered, especially if repeat orders for the 
same or similar parts are expected. Labor is 
markedly reduced by the use of automatic 
machines because: 





* Machining time per part is reduced to a 
fraction of that required on a hand-oper- 
ated machine 

Even though the automatic machines are 
manually loaded and unloaded, one oper- 
ator can handle two or more units if they 
are ganged (placed for efficiency) 
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i Variation in diameter and length of worms 
Fig. 35 consecutively machined in an eight-spindle 
automatic. Dimensions given in inches 


Multiple-Operation Machining / 387 


Manual machines require one operator for 
each machine. 

The lot size that warrants selection of mul- 
tiple-spindle machines is often influenced 
more by the required rate of production than 
by total quantity requirements, because parts 
can usually be produced on multiple-spindle 
machines two to five times as fast as on 
single-spindle machines. Some plants use à 
minimum of 100 000 parts (total) as the pro- 
duction quantity for which the use of multi- 
ple-spindle machines is warranted. In other 
plants, however, it has been found that mul- 
tiple-spindle machines are justified for lot 
sizes of fewer than 50 000 pieces, and in some 
cases for even fewer than 5000 pieces. 


Production Rate 

Quantity and productivity are often of 
equal importance in the selection of methods 
for machining. In many applications, howev- 
er, the rate at which a given part must be 
produced has a greater influence on the sclec- 
tion of machine and method than total quan- 
tity requirements. For example, assuming a 
total lot size of 100 000 specific pieces, if only 
1000 per day were needed and a manual turret 
lathe were available, it may be advisable to 
use existing equipment. On the other hand, if 
5000 pieces per day were needed and could 
not be produced on existing equipment, sin- 
gle-spindle automatic chucking or bar ma- 
chines (as required by product form) would 
be considered, and for higher productivity, 
multiple-spindle machines would be the logi- 
cal choice. 

In some pla 
space is a major factor, thus emphasizing 
the selection of equipment that can produce 
the greatest number of parts in the least 
space. Productivity requirements are some- 
times based directly on shipments or on 
other manufacturing operations, which are 
often interdependent. 








Special Requirements 

Special requirements or unique work- 
pieces often govern the selection of a spe- 
cific type of machine. For example, for 1.8 
m (6 ft) long tubular parts that require 











13 steel 








ме 

2 Distribution of dimensions, although all 
Fig. 36 e within tolerance, indicating that the 
six-spindle bar machine used for producing this port was 
outside the R, limit. See Table 5. Dimensions given in 
inches 





several identical machining operations on 
each end, a bar machine logical choice 
because the workpiece can be loaded 
through the back of the headstock and ma- 
chined on one end, then reversed and ma- 
chined on the opposite end—a two-stage 
operation. The obvious economies made 
possible by this type of procedure are often 
important enough to warrant designing (or 
redesigning) the parts to be compatible with 
such processing. 

Required dimensional accuracy often in- 
fluences the choice between a single-spindle 
and a multiple-spindle bar or chucking ma- 
chine. Machine condition and other factors 
being equal, closer tolerances can be held in 
а single-spindle machine because it is inher- 
ently more rigid. s results mainly from 
the absence of a spindle carrier, which is à 
source of inaccuracy in the multiple-spindle 
machines. In multiple-spindle bar ma- 
chines, morcover, the weight of heavy bar 
stock fed into the spindles can be an addi- 
tional source of inaccuracy. 

A choice between a manual and an auto- 
matic machine is usually influenced by con- 
siderations other than the type of operations 
cach can perform. There are, however, ap- 
plications in which one type of machine is 
preferable to the other because it is better 
suited to a specific operation. For example, 
automatic turret lathes are preferable for 
workpieces that require taper boring. Al- 
though taper boring attachments can be 
obtained for manual turret lathes, they are 
seldom available with standard tooling. 
However, on a single-spindle automatic ma- 
chine, tapers can be formed with a quill- 
mounted single-point boring tool. 

Machining to close tolerances or to obtain 
close relations between dimen may 
require careful selection of machine and the 
use of special procedures. For machining 
small parts that require concentricity of two 
or more diameters, a single-spindle machine 
is usually preferred to a multiple-spindle 
machine regardless of the quantity to be 
produced, because of the inaccuracies that 
inherently result from performing succes- 
sive operations at different index positions 
of the spindles. 

Special tooling. together with careful 
choice of machines and procedures, often 
makes possible the production of special 
shapes or machining to unusual dimensional 
accuracy, or both, as in the following exam- 
ple. 

Example 4: Milling and Bending in an 
Automatic Bar Machine. The workpiece 
illustrated in Fig. 33 was completely ma- 
chined from profile stock on a single-spindle 
automatic bar machine. The sequence of 
operations is also given in Fig. 33. It was 
found that the close tolerances specified for 
this part were easier to hold by completing 
thc operations on one machine than by the 
use of separate machines for turning, mill- 
ing, and bending. 
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Table 4 Typical tolerance capabil 
machines 





es for multiple-spindle automa’ 


ional Machining Processes 


























— Tolerance — ка) яша 
m ти FE р ш 
Four-spindle machines 
0.05 0002... 0.03 0.001 0.010 0.0004 
0.08 0.003.. 004 0.0015 0.015 0.0006 
0.10 0.004. 0.05 0.002 0.020 0.0008 
0.11 005.... 0.06 0.0025 0.028 0.0011 
0.25 0.010.. 0.13 0.005 0.056 0.0022 
0.38 0.015. 0.19 0.0075 0.0033 
0.51 0.020 . 025 0.010 0.0044 
0.76 0.030 038 0.015 0.168 0.0066 
Six-spindle machines 
0.05 0.002. 0.04 0.0014 0.018 0.0007 
0.08 0,003 + 0.05 0.0021 0.027 0.0010 
0.10 0,004.....- 0.07 0.0028 0.036 0.0014 
0.13 0.005. 0.09 0.0035 0.043 0.0017 
025 0.010 0.18 0.007 0.089 0.0035 
0. 0.015 0.27 0.0105 0.132 0.0052 
0. 0.020 0.36 0.014 0.178 0.007 
0.76 0.030. 0.53 0.021 0264 0.0104 
Eight-spindle machines 
0.05 0.002 0.04 0.0016 0.020 0.0008 
0.003. 0.06 0.0024 0.030 0.0012 
0.004... 0,08 0.0032 0.042 0.00165 
0.005... 0.10 0.0039 0.053 0.0021 
0.010.. 0.20 0.0078 0.106 0.0042 
0.015. 0.30 0.0117 0.160 0.0063 
0.020 040 0.0156 0.213 0.0084 
0,030 0.59 0.0234 0.320 0.0126 








a) R 4s the spread between high and low n 
consecutive pieces from a spindle, Ru is th 
illustrate these definitions for a particülar pai 








|y on pieces produced in a г 
average range of four convecul 





ind (one piece from each spindle. in succession) or on 
fe rounds. See Table 5 for actual dimensional data that 








Table 5 Measurements of 1.512/1.508 in. dimension on part shown in 














Fig. 36 
‘Sum of 

em Round 1 Round?  Round3 Rounda readings Spindle average Spindle к 

Spindle 1... 1.509 1.509 1.510 15105 60385 1.5096 0.0015 
USUS 1095 (505 1.509 60375 1.5094 0.0005 
(sns — К? Don 1510 60445 isnt 0.002 
1.5095 — 1.509 1.510 1.509 60375 1.5094 0.001 
1510 1509s — L509 150 6.0385 1.5096 0.001 
1.510 1.509 1.5095 1.509. 6.0375 1.5094. 6.001 
|55 1502 Ls 1.5105 : : 
1.509 1.509. 1.509 1.509 in 
(005 ою 0000 0.0015 0.00225 











To produce this part on an automatic bar 
machine, three special devices were re- 
quired: 


ө A spindle-stopping device to locate and 
hold the part in the collet in definite 
relation to the centerline of the gear tecth 
(profile-stock shape) 

ө A special bending tool, on the turret, to 
reshape the tapered end after turning 

ө One open cross slide position on which to 
mount a special milling attachment that 
must clear all turret tools 





A special spindle-stopping attachment was 
developed that utilized the longitudinal gear 
teeth of the profile stock to position the 
stock in the collet and to stop spindle rota- 
tion in a specific position with reference to 
the gear teeth. 

The bending fixture was a two-piece 
forming die that had taper on the outer 


edges. Forward movement of the die halves 
was provided by the turret cam. As the dies 
moved forward, they were forced inward as 
they moved along the taper on their outer 
edges, thus forming the end section of the 
part. 
For the milling operation, 
was linked with the rear slide holding a 
special milling attachment. The c: inder 
provided the necessary movement to retract 
the milling attachment far enough to clear 
all turret tools. Because both cross slides 
were occupied for milling and forming. cut- 
off was done by a tool attached to the 
vertical slide. 


n air cylinder 











Cost 

When two or more types of machines can 
produce acceptable parts, cost per piece 
usually determines the final choice. Ma- 
chining cost per piece is influenced most by 


cost of setup, cost of labor, and burden 
(amortization) of machine and tools. High- 
production machines always cost more to 
set up than simpler machines, but for long 
runs the cost of setup is rapidly absorbed. 
As the number of pieces required increases, 
the cost per piece decreases. Labor costs 
are also lower when one operator can attend 
two or more machines. 

As the production capabilities of ma- 
chines increase, however, so do the initial 
cost of the machines and the cost of tooling. 
Therefore. prior calculations that indicate 
that specific parts can be produced at lower 
cost on expensive, high-production equip- 
ment may prove erroneous unless machine 
burden is taken into account. This is most 
likely to occur when the quantity of one 
specific part available for a run at one time is 
borderline and more frequent setups are re- 
quired, thus involving more setup time and 
downtime of the machine. The full value of 
highly automatic multiple-operation machines 
can be realized only when they are operating 
for a major portion of the time. Cost studies 
are often made to determine break points that 
indicate which of two or more machines and 
procedures will prove the most economical 
for specific lot sizes. 











Tool Material and Design 


In multiple-operation machining, changes 
are often made in tool material or design that 
improve tool life, workpiece finish. dimen- 
sional accuracy, or productivity. When oper- 
ations are done in a sequence, it is common 
for one tool to be abused by being run at 
excessive speed or feed, or both, in order to 
obtain greater efficiency from other tools that 
operate in the sequence. 

Because form tools are usually subjected 
to rigorous service, they are often made 
from some material that is more highly 
alloyed than a general-purpose type of high- 
speed steel. In some plants, the established 
practice is to use general-purpose types of 
high-speed steel for form tools, changing to 
a cobalt-containing grade only when specif- 
ic experience indicates the necessity. The 
metal being machined is a major factor in 
sclecting form tool material. For cutting 
difficult-to-machine metals, such as stain- 
less steels, form tools made from the more 
highly alloyed types of high-speed steel are 
nearly always superior. 

Soft nonfree-machining steels such as 1008 
or 1010 are not preferred for high-production, 
multiple-operation machining. because they 
are susceptible to tearing and because exces- 
sive amounts of burr are probable. When it is 
necessary to machine these steels, special 
attention must be paid to the design of the 
cutting tools used. Minor changes in tool 
design are often effective. 

Carbide is used for cutting edges on 
many tools for multiple-operation machin- 
ing. Changing the design and the method of 








mounting carbide tools often results in in- 
creased productivity or increased tool life. 
Sometimes, reselection of carbide grade has 
à significant effect on results, as in the 
following example. 

Example 5: Surface Finish Improved by 
Changing Grades of Carbide. The 19.02/ 
18.97 mm (0.749/0.747 in.) diameter of the 
1022 steel forging illustrated in Fig. 34 re- 
quired a turned finish that could be bur- 
nished to a maximum roughness of 0.80 ит 
(32 uin.) Turning was done in a single- 
spindle chucker using triangular indexable 
carbide inserts. 

Inserts made from a conventional grade of 
tungsten carbide formed built-up edges, re- 
sulting in score marks that made it impossible 
to meet surface finish requirements. Chang- 
ing to inserts made from titanium carbide 
corrected this difficulty. Both types of inserts 
were used under identical conditions, as de- 
tailed in the tabulation with Fig. 34, except for 
the difference in nose radius. However, both 
0.8 and 0.4 mm (2 and Ya in.) nose radii 
were tried with the conventional carbide, but 
the finish was unsatisfactory. 


Machinability and Physical 
Condition of Work Metal 


Metals are usually selected because of 
required mechanical properties rather than 
for their machinability. In many applica- 
tions, however, minor changes can be made 
in metal selection that will favorably affect 
machinability without impairing service 
performance. 





Free-Machining Metals 

Many steels and some nonferrous metals 
are available as free-machining grades. 
These arc similar in composition to the 
nonfree-machining grades except that they 
contain small, measured additions of sulfur, 
phosphorus, lead, tellurium, selenium. or 
bismuth, singly or in combination. The pur- 
pose of these additions is to promote better 
chip breakage and to minimize friction be- 
tween tools and work metal, thus permitting 
the use of higher speeds and contributing to 
improved tool life, better surface finish, and 
greater control of dimensions. 

The free-machining grades are especially 
desirable in multiple-operation machining 
because of the numerous tools involved. In 
most cases, each type of tool has its own 
optimum speed, but when several opera- 
tions are performed simultaneously, some 
tools are operated at excessive speeds. 
while others are operated too slowly for 
efficient performance. —Free-machining 
work metals contribute markedly to mini- 
mizing the sensitivity of tools to higher 
cutting speeds. 

Free-machining metals are more expen- 
sive than their nonfree-machining count: 
parts, and because cost per part is signifi- 
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Automatic 
tool changer 


Fig. 37 Schematic of a five-oxis horizontal-spindle machining center 


cant, it is essential to balance the added cost 
of the metal against the decreased cost of 
machining before deciding to use a free- 
machining grade. In many applications, the 
amount of machining to be done (number of 
operations or weight of metal removed or 
both) has a large influence on whether or 
not the higher cost for frec-m: ning 
grades is warranted. For example, if only 
two or three operations were used to reduce 
the volume of a steel bar by 10% in produc- 
ing a finished part, the additional cost for a 
free-machining steel probably would not be 
warranted. On the other hand, if ten or 
morc operations were utilized to reduce the 
volume of a bar by 50% in producing a 
finished part, a free-machining grade prob- 
ably would be warranted. Therefore, each 
workpiece design requires individual con- 
sideration, even when there are no specific 
restrictions on the use of free-machining 
grades. Metal cost, machining cost, and 
machine capacity must all be considered 
simultaneously. 

Maximum return on the large investment. 
that a multiplc-operation machine repre- 
sents can be realized only by keeping the 
machine in operation at or near its full 
capacity. For this reason. in most plants, 








the addition of new machines lags behind 
the demand for machine time, Under con- 
ditions of peak demand, it is therefore most 
important to operate machines at maximum 
speed. As a result, demand for machine 
time is often an impetus to the selection of a 
free-machining work metal. 

Paying a higher price for a steel with 
better machinability may result in lower 
manufacturing cost solely on the basis of 
increased tool life. This is most often true 
when the machine is already being operated 
at maximum speed; under these circum- 
stances, cycle time per part cannot be de- 
creased, regardless of work metal machin- 
ability. However, longer tool life results in 
lower tool cost and usually in some increase 
in productivity because downtime for 
changing tools is decreased. 








Physical Conditions 

Workpiece variations other than compo- 
sition that affect productivity, dimensional 
accuracy, surface finish, machine wear, 
tool life. and cost are: 


* Dimensions of cross sections (bars, 
tubes, or extrusions) 


* Surface finish 
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Fig. 38 





Fig. 39 


* Straightness (bars, tubes, or extrusions) 
* Length (bars, tubes, or extrusions) 


Dimensions of Cross Sections. Cold- 
drawn products are usually preferred for 
multiple-operation machining, mainly be- 


ing Processes 


Vertical-spindle machining center that incorporates о 56 kW (75 hp) motor yet con be used at minimum 
spindle speeds of 50 rev/min. Courtesy of Kearney & Trecker Corporation 


Traveling-table machining center incorporating a shuttle pallet loading system. Courtesy of Kearney & 
Trecker Corporation 


cause of their close dimensional tolerance 
and smooth finish. Hot-rolled and pickled 
bars are sometimes used because they cost 
less than their cold-drawn counterparts, but 
not all machines will operate successfully 
with hot-rolled bars, because of dimension- 


al variation. Therefore, the capability of the 
feeding mechanism to be used must be 
considered and the tolerance of the hot- 
rolled bars must be known (and, if possible, 
the bars tried out on location) before a 
decision is made to substitute hot-rolled and 
pickled bars for cold-drawn bars. 

Not only do significant variations in cross 
section (including out-of-roundness) affect 
feeding mechanisms, but they also affect 
tool life. Dimensional variations cause non- 
uniform amounts of stock removal on initial 
cuts, which may damage tools. 

Some automatic machines arc so sensi- 
tive to dimensional variations of the work 
material that they may require adjustment 
for different shipments of material pur- 
chased to the same specifications. Conse- 
quently, for machines that are extremely 
sensitive, it is best to separate shipments 
from different suppliers or to sort the stock. 

Surface Finish. Bars or tubes that have 
mill scale arc often unsuitable for process- 
ing in an automatic machine, because the 
abrasive scale impairs the action of the 
feeding mechanism. In addition, taking ini- 
tial cuts on scaly surfaces damages tools 
and shortens their life. If hot-rolled bars or 
tubes are processed, they usually must be 
descaled, by pickling or blasting, before 
being machined. 

Straightness. Regardless of whether 
cold- or hot-finished bars or tubes are used, 
they must be machine straightened. Bars or 
tubes that have been straightened to com- 
mercial limits are straight enough for oper- 
ation in most machines. Additional straight- 
ness can be obtained at a premium price, 
but is seldom needed. 

Bars or tubes that are not commercially 
straight develop whip in the stock reels. 
which causes abnormal vibration through- 
out the machine. This eventually results in 
excessive wear on machine parts and tools, 
tool chatter, and loss of dimensional con- 
trol. 

Length. For single-spindle machines, uni- 
form length in bars or tubes seldom pro- 
vides any benefit, except for ease of han- 
dling and storage. In a multiple-spindle 
machine. however, extreme nonuniformity 
of stock length decreases productivity be- 
cause, as shorter lengths are fed through. 
some tools will be idle until the longest bar 
or tube is consumed. In addition, significant 
differences in the length of large, heavy bars 
due to the variation in weight can adversely 
affect the action of the stock reel. Random- 
length bars are usually segregated as they 
are loaded into stock reels so that the bars 
in a reel at any one time do not vary in 
length by more than a few inches. 





Quality control by statistical methods can 
help to establish practical limits within 
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Fig. 40 ылы of a horizontal-spindle traveling column machining center and its accompanying worktoble 
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which dimensional variations may be per- 
mitted to differ before the process should be 
corrected. The dimensions of most pieces 
produced in a given operation are usually in 
an average group or cluster close to the 
nominal, but fliers (pieces departing to an 
unusual degree from the nominal) are often 
observed. Statistical quality control deter- 
mines the trend of the average or majority 
group in relation to specifications or toler- 
ances. The following example illustrates 
typical variations in dimensions obtained 
with a multiple-spindle machine. 

Example 6: Diameter and Length of 
Worms Produced in an Eight-Spindle 
Automatic. Variations in the bearing diam- 
eter and the cutoff length of worms pro- 
duced from 12L14 steel bar stock in an 
eight-spindle automatic machine are shown 
in Fig. 35. These data represent measure- 
ments made on 25 consecutively produced 
worms taken as a sample from a continuous 
production run using four machines. The 
bearing diameter was form turned, hollow 
milled, and shaved. When the sample was 
taken, the shaving tool had been operated 
for 5 h, and the other tools (including the 
cutoff tool) for 7 h, since being sharpened. 

The spread of dimensions for the bearing 
diameter (upper chart, Fig. 35) was within 
allowable tolerance, but the location of the 
spread with reference to the nominal dimen- 
sion indicates that slight adjustment of the 








tools or stops would bring the average di- 
mension closer to nominal. This condition is 
more pronounced for the cutoff length 
(lower chart, Fig. 35); two parts were under 
the minimum, and corrective action was 
needed. 

Control of Machine Adjustment. Parts 
cannot be produced on any multiple-opera- 
tion machine to tolerances closer than vari- 
ations existing in the machine. Loose bear- 
ings and poorly adjusted slides or stops are 
the most common conditions that influence 
dimensional variation. Among other condi- 
tions are broken collet-lockup pins, worn 
cams, and broken connectors in slide-link- 
age mechanisms. 

Periodic checking of the machine and a 
method for controlling its condition are 
mandatory for maintaining close and uni- 
form tolerances. In many plants, methods 
of statistical quality contro] have been suc- 
cessfully applied to monitor the condition of 
multiple-spindle automatics. The use of 
these methods involves the following terms: 








* R. The spread between the high and low 
reading on a round, or of consecutive 
pieces from a spindle 
The average range of four consecu- 

e rounds. The symbol R is widely used 
instead of Ry, 

* Round. One piece from each spindle. in 








€ Spindle round. Four pieces, in succes- 
sion, from a given spindle 

© Spindle average. The average dimension- 
al reading of consecutive pieces from a 
given spindle 


It is first required to have a table of 
established constants of R and Ra. Typical 
values that serve as a guide to expected 
tolerance capabilities of automatic bar ma- 
chines with four, six, or eight spindles are 
given in Table 4. 

A typical procedure used for practical 
application of quality control principles to 
the checking of machine condition is de- 
scribed in the following example. As Exam- 
ple 7 demonstrates, data from a simple 
study can be used to keep machines adjust- 
ed and to rectify difficulties before unac- 
ceptable parts are produced. 

Example 7: R,, Study of a Six-Spindle 
Bar Machine. The 1113 steel part shown in 
Fig. 36 was produced on a six-spindle auto- 
matic bar machine. Maintaining the 38.40/ 
38.30 mm (1.512/1.508 in.) dimension within 
the 0.10 mm (0.004 in.) tolerance range was a 
chronic problem, and statistical quality con- 
trol methods were applied to try to solve it. 

Experience proved that for an R,, study, 
data for four rounds, kept separate by round 
and spindle, would provide adequate infor- 
mation on the operating condition of the 
machine. The procedure used was as fol- 
lows: 











© The operation range limit R, 0.071 mm 
(0.0028 in.), was determined from the 
data for six-spindle machines in Table 4 
using the 0.10 mm (0.004 in.) tolerance 
allowed by specifications 

© The machine study range limit R, 0.036 
mm (0.0014 in.), was also determined 
from Table 4 

* Daily checks were made to the operation- 
al R (one round) 

* Weekly checks were made to Rur 

* If, onthe daily check, R was out of limits, 
an immediate study was made to deter- 
mine the cause and to correct it 


Details of one A,, study are given in 
Table 5 and are summarized in the histo- 
gram shown in Fig. 36. These readings show 
that, although no out-of-tolerance pieces 
were found, the machine was operating at 
an Ra of 0.0572 mm (0.00225 in.)—well 
outside the 0.036 mm (0.0014 in.) Ra limit. 
The "Spindle average" column in Table 5 
shows that spindle 3 was cutting 0.038 mm 
(0.0015 in.) longer than the next-longest- 
cutting spindle. The end play of spindle 3 
was reduced to nominal by adjustment of 
the bearings, and the average length of the 
dimension produced by spindle 3 was thus 
reduced to 38.34 mm (1.5095 in.). 

Loading the machine before it is set up 
is the best practice because the accuracy of 
the machine can be affected by setting up an 
almost empty machine and then filling it 
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with heavy bars. Bar weight increases rap- 
idly with diameter. For example, ten 3.0 m 
(10 ft) long steel bars 25 mm (1 in.) in 
diameter weigh about 120 kg (265 Ib), while 
ten 127 mm (5 in.) diam steel bars of the 
same length weigh about 3025 kg (6670 Ib). 
When the total weight in the stock recl is 
too great for the equipment, shorter bars 
must be used. 





Speeds used in multiple-operation ma- 
chining are not necessarily different from 
those recommended and used for specific 
single operations. Additional information is 
available in the Section ‘*Traditional Ma- 
chining Processes” in this Volume, 

Feeds used in multiple-operation machin- 
ing are essentially the same as those used in 
the specific operations when performed sin- 
e the Section "Traditional Machining 
Processes" in this Volume). 














Cutting Fluids 


The main factors influencing the choice of 
cutting fluid are the specified finish and 
tolerance, composition of the work metal, 
and the specific type of operations to be 
performed. 

Soluble о! 





is the most widely used cut- 
ting fluid because it is the least expensive 
and is equal to, if not better than, any other 
fluid for cooling and for flushing away 
chips. 

Straight mineral oils are often used 
where soluble oils do not meet require- 
ments, particularly when the work metal is 
nonfree-machining or where better surface 
finishes are necessary. Mineral oil is neces- 
sary for obtaining acceptable finishes and 
tool life when low-carbon steel extrusions 
are being machined. In many cases, the 
type of machining operation performed, not 
the raw material used, dictates the type of 
cutting fluid required to obtain acceptable 
results. 

Proprietary cutting oils arc more effec- 
tive than soluble-oil emulsions for prevent- 
ing chatter under abnormal conditions of 
unsupported length or vibration. 

Special Oils and Mixtures. Special cut- 

ting fluids are often prepared for unusual 
applications. They are especially desirable 
for use in tapping operations. 
Lard oil is often used in small single- 
indle machines for such special purposes. 
Thread-cutting or lard oils are often mixed 
with mineral oils to improve viscosity. 

Dry Cutting. Materials such as cast iron, 
malleable iron, and some copper-base met- 
als can be machined dry. However, com- 
pressed air instead of a [luid can be used to 
cool the workpiece and to remove the 
metal chips created during the machining 
process. 














Fig. 41 


Safety and Protection 


One of the dangers involved in operating 
the machines described in this article is that 
of being caught by the revolving stock or by 
the revolving chuck of the machine. Ma- 
chine tool manufacturers have taken the 
precaution to provide substantial enclosure 
guards around the chucks or face plates of 
the machines. 

Machine operators are frequently injured 
because of displacement or breakage of the 
tool or the stock being processed. Insecure- 
ly or improperly placed tools often work 
loose and cause problems in other ways. 
such as digging into the work. Unless the 
machine is stopped immediately, the tool 
may break or be forced out of the holder, 
the workpiece may be thrown out of the 
chuck, or both of these mishaps may occur 
simultaneously. In addition, machine tools 








Machining of a rocket fuel blade on the pallet in the background using a traveling-table machine. Empty 
pallet in the foreground is ready to be loaded. Courtesy of Kearney & Trecker Corporation 


should never be changed or adjusted while 
the machine is in motion. 

A hazard is present in the operation of 
turret lathes and automatic bar and chuck- 
ing machines when revolving stock is per- 
mitted to project beyond the ends of the 
machine. The work on these machines 
should itself be safeguarded, and long bars 
of stock should be supported. A good prac- 
tice is to install sections of piping through 
which bar stock can be fed to the machine. 
If the stock ends cannot be prevented from 
protruding, guard rails can be installed 
around revolving stock to protect persons 
standing close to the machines from direct 
contact with the workpiece when it is in 
motion. 

Cutting oil thrown from the tools of auto- 
matic machines makes the floor area around 
the machines dangerously slippery to oper- 
ators and other plant personnel. In the 





‚| _ 


interest of safety, various practices аге rec- 
ommended, among which the following are 
widely endorsed: 


* Installation of sheet metal screens for 
interception of the oil 

* Floor mats of finely meshed metal 

* Frequent and systematic cleaning of the 
floor and frequent changing of the saw- 
dust spread on the floor 
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A safety measure of wide adoption is the 
provision of a nonslip and nonflammable 
floor on which to rest the machines. 

Skin disorders among machine operators 
using cutting oils and compounds can be 
prevented if operators wash their arms and 
hands thoroughly at proper intervals. Work 
clothes should be changed often; clothes 
that are worn too long become saturated 
with the cutting mixture. 





Machining Centers 


A machining center is a single-station 
computer numerically controlled (CNC) 
machine tool capable of milling, drilling, 
boring, reaming, and tapping. This machine 
tool is usually equipped with one automatic 
tool changer and is designed to perform 
operations on different surfaces of a work- 
piece as the workpiece rests on a rotating 
table. Therefore, after a particular opera- 
tion, the workpiece does not have to be 
removed and taken to another machine for 
further processing. Instead, the tools and 
the workpiece to be machined are brought 
to the machine. The tool changer stores idle 
tools and interchanges them with those in 
the spindle according to program com- 
mands that ensure optimum speeds and 
feeds as well as the correct space coordi- 
nates necessary to machine the workpiece. 

A machining center may be equipped 
with 100 or more tools. It is capable of 
manufacturing large and complex parts effi- 
ciently and accurately. 

Types of Machining Centers. Machining 
centers with a horizontal spindle (Fig. 37) 
are generally more flexible than vertical- 
spindle (Fig. 38) models and are available in 
a wider range of sizes. Machining centers 
can be further categorized as being of the 
traveling-table or the traveling-column 
type. Traveling-table designs are used to 
machine small parts, and they incorporate a 
shuttle pallet system to carry the work- 














Operation number: 1 2 3 4 5 6 


piece, as shown in Fig. 39. Traveling-col- 
umn designs are extensively used for ma- 
chining large parts. These machining 
centers usually have one workholding mod- 
ule containing a 60, 360, or 720 programm- 
able position rotary index table (Fig. 40) or 
a 360 000 programmable position full con- 
touring table. 

The machine motions are governed by 
numerical control in all three major axes 
and often in additional secondary axes. Ma- 
chining center programs can be stored and 
also provide input to the machining center 
CNC control via punched eight-channel 
Mylar tape, 89 mm (32 in.) floppy disks, or 
directly from an external computer. Many 
machining centers have an internal mini- 
computer that can store several programs, 
eliminating the need to input data each time 
a part is run. 

Typical Operating Sequence of a Ma- 
chining Center. Because a machining cen- 
ter represents such a large investment, it 
must be operated continuously and effi- 
ciently to be profitable. Each cutting tool is 
preset for diameter and depth in a quick- 
change holder; therefore, when the tool is 
placed in the spindle, it cuts its programmed 
dimensions without any adjustment on the 
machine. Tools are placed in holes in a 
rotary drum on top of the machine column. 
When the program calls for a cutting tool, it 
is identified by a sensor from the coded 
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Schematic of two types of synchronous system transfer machines. (c) In-line transfer machine. (b) Rotary 


rings around the tool shank and then trans- 
ferred by a mechanical tool changer in a few 
seconds to the machine spindle on the front 
of the column. The spindle, which is pow- 
ered by a 1.5 10 56 KW (2 to 75 hp) motor, 
typically has a speed range of 50 to 4000 rev/ 
min to accommodate many sizes of tools. 
Figure 41 shows a workpiece fixture on a 
pallet in the workstation (on the machine 
table) being machined by a tool on the 
machine spindle. At right is another pallet 
on which work can be set up while a piece is 
being machined in the workstation. When 
one piece is done, it is slid off mechanically, 
another is moved on its pallet into the 
workstation, and cutting is immediately re- 
sumed, with no loss of machine time. 

A further advancement is the unmanned 
machining center. In this unit, 15 to 20 or 
more parts are loaded on pallets in a repos- 
йогу next to the machine. The parts are 
transferred into and from the workstation 
automatically in turn. The CNC control has 
a memory that is large enough to store 
programs for all the work, and each pro- 
gram is called out to suit the part in the 
workstation. The machining center can be 
used conventionally, and the pallets and 
programs can be loaded during the day. The 
machine can then operate all night or over a 
weekend with little or no supervision. 

During the second and third shifts, when 
labor costs are higher and electrical power 
costs are lower, the pallets automatically 
move to the machining center, which s 
lects the appropriate program for the spe- 
cific workpiece to be machined. Similar 
operations should be performed on the var- 
ious workpieces to keep tooling require- 
ments within the capacity of the machine. 

The control unit monitors spindle speeds 
and torque, and it automatically changes the 
feed rates to maintain the programmed val- 
ues. The machining centers are also 
equipped with automatic devices that sense 
tool wear. Tools are brought into contact 
with a gage on the machine that detects the 
wear on lands or teeth. If wear exceeds the 
programmed limit, the tool is rejected and 
an alternate chosen, or a warning light flash- 
es. A gaging post on the machine detects 
broken tools, and the spindle can orient the 
tools in I^ increments to measure tool diam- 
eters. 

Advantages of Machining Centers. In- 
creased productivity and versatility are the 
principal advantages of machining centers. 
The capability of performing drilling, turn- 
ing. reaming. boring, milling, contouring, 
and threading operations on a single ma- 
chine eliminates the need for a number of 
individual machine tools, thus reducing cap- 
ital equipment and labor requirements. One 
relatively unskilled operator can often at- 
tend two machining centers and sometimes 
more. Most workpieces can be completed 
ona single machining center. often with one 
setup. 
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Additional savings result from reduced 
material handling. fixture costs, and floor 
space requirements. The substantial 
amount of time conventionally spent trans- 
porting work from machine to machine is 
saved, and throughput is much faster. In 
addition, in-process inventory, represented 
by skids of workpieces normally seen at 
several machines, is replaced by work at 
only one machine. 

Most machining centers maintain close, 
consistently repetitive tolerances, resulting 
in higher-quality parts and reduced inspec- 
tion costs and scrap. In particular, the rela- 





ing Processes 


tionship of machined features on the several 
faces of a workpiece are more easily held 
within tolerances. Changeover from the 
production of one workpiece to another can 
be done quickly 
Actual machining time on machining cen- 
ters can be two or more times that of 
single-purpose, manually operated machine 
tools. Estimates of increases in productivity 
per man-hour range from 300 to 500% or 
more, especially on applications requiring 
many tools and frequent changeover. 
Machining centers have a higher initial 
cost than many other machine tools, but the 
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diamond turning tools operating at up to 4000 rev/min. Sequence of operations is as follows: 1, Parts are transferred 
in individual transfer nests to eliminate por!-to-port contact. A coolant-controlled environment maintains constant part 
temperature; 2, Servomotor-driven z,-axis positions the spindle drive/chucking assemblies. Optical encoders enable 
the computer to determine exact position of the part during rotation. Similar feedback mechanisms for all other axes 
provide the computer with exact velocity and position data; 3, Servomotor-driven x-axis feeds the wrist pin bore 
semifinish and finish boring tools; 4, Servomotor-driven z;-axis feeds the ringland and skirt diameter turning tools and 
positions the y-axis slide for rough and finish ring groove turning; 5, Motors (x-axis) replace cams and spring-actuated 
cam followers to position the outside diameter turning tools. The stroke is computer-controlled in relationship to the 
rotating port. Variations to outside diameter geometry are made automatically by modifying this relationship; 6, After 
finish turning, noncontact gages measure the outside diameter during part rotation to provide the computer with doto 
for automatic compensation of aut-of-tolerance conditions; 7, In-process gages measure the wrist pin bore diameter, 
groove width, and minor diameters to provide automatic compensation for out-of-tolerance conditions. 









annual return on investment has been con- 
servatively estimated to be about 30%. 
Smaller, compact models are available that 
make these machines affordable even to 
small job shops. ‘The accuracies that can be 
maintained and the reliability of the ma- 
chines and their controls have been contin- 
uously improved since the introduction of 
machining centers in the late 1950s. 

Applications. Machining centers have 
traditionally been used primarily for auto- 
mating the manufacture of small lots of a 
wide variety of workpiece shapes and sizes 
that require multiple operations. Currently, 
machining centers are being increasingly 
used for medium-lot requirements, and 
some have been tooled for long production 
runs of a single workpiece. 

Careful work scheduling is necessary to 
keep machining centers operating and 
therefore to realize their full profit poten- 
ial. Most shops try to operate their ma- 
ining centers, as well as other NC ma- 
chines, at least two shifts per day to obtain 
а more rapid return on investment, Anoth- 
er application for machining centers is the 
integration of these centers with other NC 
machines to form flexible machining sys- 
tems 

The configuration of the part is extremely 
important in determining whether or not it 
would be most efficiently produced on a 
machining center. The following types of 
parts are generally well suited to machining 
centers: 











© Parts machined on several faces 

© Parts with a large number of operations 
* Parts with close tolerances 

ө Parts in which design changes are antici- 





hat are very expensive (because a 
machining center very rarely makes a 
scrap part) 


Nearly all the advantages attributed to ma- 
chining centers also apply to automated 
batch manufacturing systems and transfer 
lines. Machining centers are most useful in 
small production runs in which each batch 
differs significantly from the others. 
Disadvantages of Machining Centers. 
The typical machining center has one major 
disadvantage for large-quantity production: It 
applies only one cutting tool at a time to a 
workpiece. Machining centers do have a 
place in flexible manufacturing systems, 
along with multiple-tool machines. Efforts 
have been made to make machining centers 
more competitive for large-quantity produc- 
tion. A few units have been built with multi- 
ple spindles, but a major development has 
been the addition of multiple-toolhead storage 
and transfer devices. Multiple toolheads, 
such as drill heads, can be stored in a rack or 
on an endless conveyor, taken out on call by 
a tool changer, and then affixed to the ma- 
chine spindle. Multiple toolheads can also be 
intermixed with single tools as required. 
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Transfer Machines 


Transfer machines, also referred to as 
transfer lines, are rigid production systems 
used mainly for mass production. A transfer 
machine consists of a series of highly spe- 
cialized single- or multiple-operation ma- 
chine tools linked by a material handling 
system and controlled by a programmable 
controller or relay network. It is designed to 
allow continuous processing of a single part 
or a family of parts having minor variations. 
A transfer machine is basically an integrat- 
ed handling device and is applicable to such 
operations as welding. molding. mbly, 
and inspection in addition to machining. 

Transfer lines are built after the product 
is designed and are custom made to ma- 
chine one specific component. If the part 
becomes obsolete, the transfer line must be 
scrapped or renovated because the cost of 
retooling for another part is approximately 
90% of the original total cost of the ma- 
chine. 

Transfer lines caa be classified as being 
either synchronous or nonsynchronous. 
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Eight angular units 
Drill eight holes 


A synchronous system index-type trans- 
fer line, also known as a dependent unit 
system, may have a series of machine or 
operation units arranged in-line (Fig. 42a) or 
around a rotary or circular index (Fig. 42b). 
When the work is completed at all stations, 
all parts in the circuit are moved 
ously to succeeding stations, and another 
cycle is started. The time required for a 
cycle depends on the slowest operation, and 
the highest efficiency is obtained when all 
operation times are the same and are mini- 
mal. For tool changes and breakdowns, all 
stations are shut down, and efficiency de- 
creases as the number of stations increases. 

In-Line. The most common type of syn- 
chronous transfer line is the ne transfer 
machine consisting of a series of single- 
purpose machine tools through which a 
stream of parts is slid or lifted and carried 
from station to station (Fig. 43). This sys- 
tem has been widely used for large-quantity 
production and even for moderate-quantity 
production (with modifications). The 
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Fig. 44 Schematic of a cast iron transmission pump cover (o) in which eight holes were drilled ot on angle and 
g. ‘one hole was drilled and reamed vertically using a ten-station rotary index transfer machine (b). 
Workpiece is being rotated 90° between stations with R designation to ensure alignment. 
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Fig. 45 Schematic of two types of nonsynchronous system transfer machines. (о) Straight-line flow. (b) Parallel 
e flow 


straight-line workflow conforms naturally 
10 continuous production and fits readily 
into desirable plant layouts. Considerable 
flexibility is permitted in planning for the 
number, type, and position of stations; floor 
space and cost are the only limiting factors. 
Workpieces can be reoriented readily at 
desired stations in the line, and the mini- 
mum restriction is imposed on the approach 
of the tools to the part from any direction. 
Vibration, heat, and strain at any one sta- 
tion can be isolated from the others. 

There are also some disadvantages asso- 
ciated with the use of in-line transfer ma- 
chines. Some parts can be handled only on 
pallets or in individual fixtures for each 
piece, and this adds about 20% to produc- 
tion costs. All pallets or parts moved from 
station to station must be relocated and 
reclamped at each station. Gaging and auto- 
matic tool compensation usually require ad- 
ditional stations, and this also adds to pro- 
duction costs. 

Transfer machines vary widely in size. 
The smaller units have only a few stations 
and may cost less than $100 000, while the 
largest units, having over 100 stations, may 
cost several million dollars. Each is special- 
ly designed and constructed. 

There are three major types of in-line 
transfer machine: 











* Sliding or free transfer 
* Walking-beam (lift-and-carry) transfer 
* Palletized transfer 


The type of transfer mechanism used to 
move workpieces from station to station is 
usually dictated by the shape, size, rigidity. 
and material composition of the work- 
pieces. as well as their locating surfaces or 
points. Some transfer machines even use 
combinations of these mechanisms. 

When the shape of the workpieces is 
suitable, the most economical method of 
moving them from station to station is with 
a synchronous free-transfer machine using a 
transfer or shuttle bar, without any fixture 
or workholding means during transfer. With 
synchronous (intermittent) motion, all 
workpieces are transferred at the same 
time. A method of transfer sometimes used 
when workpieces have flat surfaces is the 
sliding of parts from station to station on 
skid rails by means of a hydraulically or 
mechanically operated transfer-bar mecha- 
nism. 

The walking-beam (lift-and-carry) system 
picks the part up at one station, carries it to 
the next station, and lowers it into position 
without damaging the work surfaces. This 
method is frequently used for parts that do 
not have sliding surfaces or that are unsuit- 
able for sliding. Advantages of the walking- 
beam system, compared to the sliding meth- 
od, include better control (thus eliminating 
the possibility of workpiece damage be- 
cause of sliding) and the ability to use fixed 
pins for workpiece location. For heavy 








Fig. 46 


parts such as railroad-car axles, an over- 
head lift-and-carry transfer system is some- 
times used. Such systems have arms that 
lower to grip all workpieces and then raise, 
traverse, lower, unclamp, and retract. An 
advantage of the overhead lift-and-carry 
system is that its arms aid in keeping the 
transfer line free of metal chips. 

If workpieces are of a shape that is diffi- 
cult if not impossible to handle in free- 
transfer systems, if they are not provided 
with suitable locating holes or surfaces, or if 
the nature of the operations does not permit 
other transfer means, workpieces are often 
placed in individual pallets. Pallets are hold- 
ing fixtures in which the workpieces are 
located and securely clamped throughout all 
operations. Rotating transfer bars are some- 
times used to traverse pallets to successive 
stations. Palletized transfer machines are 
available with walking-beam systems. Pal- 
lets can also be linked together and pushed 
or pulled; for small parts, a continuous 
chain is sometimes used 

Rotary Index. A moderate-size rotary in- 
dex machine is illustrated in Fig. 44. The 
workpieces, located and clamped in float- 
ing, pallet-type fixtures, are carried on a 
circular table with a vertical axis. The cen- 
ters of the machines are open, permitting 
horizontal, vertical. and angular machining 
units to be mounted inside as well as outside 
the pallet-carrying rails. This type of system 
normally requires less floor space and is 
less expensive to construct than an equiva- 
lent in-line system, but is limited to a few 




















Free-sliding, tronsfer bar engaged in-line transfer machine for processing V-6 automotive engine blocks 
by drilling the sides and bottom of the block (shown in foreground). Courtesy of The Cross Company 


stations. Typically, on machines with more 
stations (and for larger workpieces) on larg- 
er-diameter circles, the workpieces are car- 
ried on pallets that are moved from station 
to station on a circular track. An I I-station 
carousel rotary index machine for machin- 
ing gate valve bodies is 10.4 m (34 ft) in 
diameter. 

Another less common design has a small 
table. called a trunnion, with a horizontal 
axis. The toolheads are arrayed on both 
sides, and the trunnion indexes the work in 
a vertical plane from station to station. 

A nonsynchronous system, also called 
an independent unit system or power-free 
system, provides for a bank of parts to 
supply each machine and permits it to op- 
erate at its fastest rate. Any machine in thc 
system can be shut down temporarily with- 
out stopping the others. 

On most nonsynchronous transfer ma- 
chines, pallets are freely supported and are 
moved from station to station by a continu- 
ously running endless chain. Each self-con- 
tained station is independent. Pallets are 
accumulated ahead of each station and are 
supplied to the station on demand, When 
one or more stations are down for any 
reason, others can continue to operate from 
the float of parts, thus minimizing produc- 
tion interruptions. Manual or automatic sta- 
tions can be added or removed and spaced 
at random to accommodate changes in 
product design or to increase or decrease 
the automation of the system. For opera- 
tions requiring longer cycles, parts can be 














indexed into identical stations. Parts can 
also be transferred through several short- 
cycle stations while a long-cycle operation 
is being performed on another part. 

Such a system has a high overall efficien- 
cy and can be planned for the best combi- 
nation of the machines. For straight-line 
flow (Fig. 45a), the banks of parts between 
machines can be contained in hoppers, 
magazines, or elevators. Parallel flow 
(Fig. 45b) is an arrangement of conveyor- 
stored banks between machines. The con- 
veyors can be stacked one above the other 
in the least possible space adjacent to the 
line. 

A disadvantage of the nonsynchronous 
system is its size. It is not compact, and 
some floor space is wasted. In addition. it is 
not suitable for some sizes and shapes of 
parts, such as large engine blocks. 

Transfer Machine Design Consider- 
ations. Certain provisions can be made in 
the design of a transfer machine for efficien- 
cy. Every provision must be made for the 
safety of the equipment and personnel. his 
includes foolproofing and interlocking to 
prevent wrecks and personnel injuries, pre- 
inspection of rough workpieces, and a 
means to stop the machine when it misses. 
The machine must take over everything 
done by an operator, including clearing and 
disposing of chips, rough checking and ori- 
enting of workpieces, and watching for 
trouble. Probe mechanisms can be used to 
verify that a particular operation has been 
performed (for example, a hole drilled) and 
to detect broken tools or tools that have 
broken off during the machining process 
and may still be attached to the workpiece 
itself (sce the article *"Tool Condition Mon- 
itoring Systems" in this Volume). Idle sta- 
tions are commonly included for space to 
add operations if workpiece design changes 
occur or for unloading and loading; 
fore, entire sections of the machine 
eliminated and workpieces routed partly 
over conventional machines if breakdowns 
occur. Some sections can be made to be 
replaceable so that several sizes of work- 
pieces can be processed. For example, the 
transfer devices between stations were 
changeable on a large transfer line for press- 
ing sheet metal panels so that several sizes 
of panels could be accommodated. 

Tool problems must be solved before a 
transfer machine is designed: this ensures 
as much dependability as possible. Even so, 
tools become dull and breakdowns do oc- 
cur. To minimize interruptions, provisions 
are made to preset sharp tools before they 
are put on the machine, to mount them in 
quick-change holders, for tool racks to 
make the preset tools readily available 
when needed, for signals to alert the atten- 
dants to the times to change tools, and for 
schedules for changing the tools in batches. 
The best of components and adequate lubri- 
cation help prevent breakdowns. 














Although each transfer machine is a spe- 
cial project, many of its units, such as 
toolheads, hydraulic drive units. hydraulic 
or pneumatic probes, controls, and slides, 
can and should be standard items. This will 
result in a considerable savings in construc- 
lion cost and facility repair. 

Applications. A transfer line is a highly 
specialized piece of machinery that is usu- 
ally able to produce only one part. Wherc 
production volume is high enough to justify 
its use, the transfer line offers the ultimate 
in productivity and repeatability. The auto- 
motive, farm equipment. and construction 
equipment industries are major users of 
transfer machines. 

Gundrilling or reaming on transfer ma- 
chines is an ideal application if the proper 
machining units are employed and good 
bushing practices are followed. Contour 
boring and turning of spherical seats and 
Other surfaces can be done with tracer- 
controlled single-point inserts, thus clim- 
inating the need for costly special form 
tools. In-process gaging of reamed or bored 
holes and automatic tool setting are done on 
r machines to maintain close toler- 
ances. Less conventional operations some- 
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times performed on transfer machines in- 
clude grinding, induction heating of ring 
gears for shrink-fit pressing on flywheels, 
induction hardening of valve seats, deep 
rolling to apply compressive preloads, and 
burnishing. 

Transfer machines have long been used in 
the automotive industry for producing iden- 
tical components at high production rates 
with a minimum of manual part handling 
(Fig. 46). In addition to decreasing labor 
requirements, such machines ensure consis- 
tently uniform, high-quality parts at lower 
cost. They are no longer confined to rough 
machining and often eliminate the need for 
subsequent operations such as grinding and 
honing. 

A common trend in transfer machine de- 
sign is to make systems more versatile so that 
they run varieties of parts and/or smaller 
batches economically, This can be done by 
using interchangeable toolheads for different 
parts. For example, a tractor manufacturer 
has installed a transfer line to machine (ran- 
domly and without shutdown for changeover) 
five different families of front- and rear-end 
axle housing components weighing about 225 
to 375 kg (about 500 to 825 Ib). 








Flexible Manufacturing Systems 


Jeffrey T. Paprocki, Kearney & Trecker Corporation 


Today's manufacturing systems for dis- 
crete metal parts production successfully 
combine machine tools, material-handling 
systems, and computers to meet a wide 
variety of manufacturing requirements. 

In the past, flexible manufacturing sys 
tems (FMS) have only been applied to mid- 
volume, midvariety manufacturing, but 
with the advent of increased sophistication 
of all components, flexible manufacturing 
systems are becoming a viable solution to 
high-production applications and high-vari- 
ety conditions. 








Goals and Objectives of 
Flexible Manufacturing 
Systems 


The successful development of a manu- 
facturing system requires careful planning. 
The design team should follow sound guide- 
lines based on goals and objectives estab- 
lished at the very start of the planning 
process. This is perhaps the most important 
step in the entire project. Once the objec- 
tives and ultimate goal have been thorough- 
ly discussed and organized, a manufac- 
turing system can be custom tailored to 
meet the specific requirements of the cus- 
tomer. 


While flexible manufacturing systems are 
not the answer to all manufacturing prob- 
іеуе many 
clive measures as well as increased 
ty in the production process. 








Cost-Effective Measures 


Cost-effective measures to be considered 
when choosing flexible manufacturing sys- 
tems include reduced labor costs, improved 
equipment use, reduced inventory, maxi- 
mized cutting efficiency, and increased 
management control. 

Reduced Labor Costs. Labor-related 
costs and problems have become a major 
concern in today's production world. Im- 


proved use of direct and indirect labor has 
become an important goal of manufacturing 
systems. 

The amount of direct manpower required 
1o operate a manufacturing system is rela- 
tively low compared to that of other manu- 
facturing alternatives. The integration of 
material handling, computerized numerical 
control (CNC) machine tools, and an over- 
all control system has reduced the propor- 
tion of direct labor involved in the manufac- 
turing process. Table 6 indicates the 
approximate ratios of manpower to function 
for different technologies. 

Improved Equipment Utilization. Ma- 
chine tools in a flexible manufacturing sys- 
tem operate at a relatively high rate of 
equipment utilization, compared to alterna- 
tive methods. In fact, manufacturing sys- 
tems are usually designed to operate at 8596 
efficiency. with efficiency being defined as 
the time a system is available to receive 
work. These systems maintain a high level 
of equipment utilization by the climination 
of many areas that normally cause poor 
utilization. 

The material-handling capability of flexi- 
ble manufacturing systems has eliminated 
much of the time machine tools normally 
spend idle while workpieces are loaded or 
unloaded. The material-handling system 
(MHS). under computer direction, main- 
tains a constant supply of workpieces to the 
machine tools. 

Improved maintenance techniques and 
machine tool reliability have lowered previ- 
ous levels of machine downtime due to 
ineffective maintenance. One major ad- 
vancement in this area has been successful 
application of computer-aided diagnostic 
troubleshooting of machine tool problems. 

Computer operation has allowed the sys- 
tems to be operated with minimum man- 
power requirements during the second and 
third shifts of plant operation, allowing the 
system to be fully utilized 24 h a day, 
thereby improving productivity. 

Increased capacity of each machine tool 
station in a system is directly related to its 
utilization, also known as the cycle-on mode. 
Table 7 compares the utilization of stations in 
various manufacturing environments. 

Reduced Inventory. These systems oper- 
ate with minimum work-in-process invento- 





Table 6 Labor involvement in various automated manufacturing systems 





Ratio of labor to workstations or machines | 
Flexible manufacturing 








‘Transfer tine Stand-alone 
(dedicated technology), technology. system technology, 

Work function people:stations people:stations peoplesstations 
Loading and operating - 1:15 1:2 1:15 
Sctup and tooling . 20 1:6 1:10 
Materials movement, . 25 E8 1:12 
Inspection. ......-.. z :20 16 [E 
Maintenance 

Mechanical 1:8 1:10 

Electrical 1:6 1:6 
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ry, even though in many systems the work- 
pieces are processed across a number of 
machine tools, The main reason for this 
capability of the system is the palletized 
material-handling systems, which automat- 
ically delivers and removes workpieces 
from the work stations. This eliminates the 
manual handling of the workpieces at each 
of the machine tools, which in turn decreas- 
es the work-in-process time for loading and 
unloading. In most systems, the workpieces 


Three flexible automation concepts: total flexibility, workpiece family specialization, ond process 


are manually handled only once for cach 
orientation of the workpiece, and only at 
specified loading/unloading areas. 

This feature has definite advantages. It: 


е Releases floor space normally used for 
work-in-process inventory 

* Reduces the number of workpieces a 
machine shop needs to have on hand to 
produce required production levels (these 
workpieces, depending on the amount of 


Table 7 Station utilization 








Utilization, 
Type = Comments 
Stand-alone NC 
machine......... . 35-80 Average industry. 
utilization can 
be higher with 
extraordinary 
means 
Transfer line. . 50-60 Виу twice as 
much capacity 
than needed, 
Flexible manufacturing 
systems 
Machining center .... 85-95 А typical FMS 
Special stationía)..... 90-95 station will 
Total Nexible outproduce а 
manufacturing stand-alone 
бет . 85-95 machine tool 
Буа 21 
margin. 


(a) Head indexers, head changers, milling and boring modules 





work done to them, represent varying 
accumulated costs) 

* Reduces the potential of scrap and re- 
work. Once a problem is discovered, 
very few pieces are made that do not 
meet tolerance specifications 


Maximum Cutting Efficiency. The use of 
process-speci ized manufacturing technolo- 
gies introduces some of the advantages of 
production equipment to the system. Such 
equipment can be successfully implemented 
in a system either for cost advantages or to 
meet critical tolerance requirements. 

To be effective, like all machine tools in à 
system, specialized tools need to be flexi- 
ble. This flexibility is attained through the 
use of numerical control. A good example 
of this type of machine tool is a multiple- 
spindle head changer. This type of machine 
tool features complete NC control of its 
three linear axes and its index table. It also 
has the capability of automatically and ran- 
domly changing large multiple-spindle 
heads. By its design, this machine tool, 
when applied to a system, does not come 
dedicated to one part number, but can be 
used to machine various hole patterns in 
various numbers of parts. 

Increased Management Control. Flexi- 
ble manufacturing systems have been devel- 
oped to provide management with increased 
control of the manufacturing process. In 
sophisticated system designs, a central con- 
trol system generates a series of reports at 
desired intervals about production sched- 
ules, system component utilization, tooling 
wear, and maintenance schedules. These 
records establish a historical data base from 
which logical decisions can be made. 








Increased Flexibility 

Increased flexibility is an outgrowth of 
innovations in computer technology and 
tooling. 

Quick and Uncomplicated Reaction to 
Engineering Changes. Manufacturing sys- 
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System components 
А,В.С.О,Е: Multiple-machining modules 

F: NC milling module 

GH,1J: Duplex multiple-spindle head indexers 
К: Towline material-handling system 


KO 


Carts carry workpieces fixtured 
оп pallets to machines 


Fig. 49 flexible manufacturing system for producing agricultural equipment components, This system measures B4 X 34 m (275 X 110 f). Shaded components represent 
g. FMS components added after initial installation. A central computer routes workpieces ond directs machine operations. 





Fig. 50 Mortactoring cell consisting of a machining center and a vertical turning center linked by о pollet 
ig. shuttle 


tems with the flexibility of numerical con- 
trol can quickly. in an uncomplicated fash- 
ion, react to engineering changes. Fixtur- 
ing. tooling. and NC part programs are 
involved. 


Capability to Respond 
to Market Changes 


Not only must the flexible manufacturing 
system work efficiently to produce the 


product for which it was initially designed, 
it must also allow product alterations affect- 
ing the production process. 

Adaptability to New Workpiece Intro- 
duction. Manufacturing systems, by their 
very nature, can quickly adapt to the pro- 
duction of new workpieces. In most cases, 
workpiece changeover can be accomplished 
with a change in tooling and NC part pro- 
gramming. 

The passage of time has shown that there 
are four phases to any new product, and 
flexible automation can address any phase of 
a product life cycle. Figure 47 shows the 
relationship between volume and product life 
and how it can be addressed with flexible 
automation. Point A is the intersection of the 
curves of two different product life cycles that 
could represent simply a change in tooling, 
fixturing, or NC part programming. 

Incremental Phased Installation to 
Match Production Requirements. Many 
manufacturing systems are designed to 
phase in equipment over a period of time. In 
this approach, machine tools are purchased 
and installed as production needs dictate. 
Depending on the number of distinct market 
levels, there may be a number of types of 
equipment to be designed, built, and in- 
stalled in a system with minimal production 
disturbance. 

The phased-in approach gives the system 
the unique characteristic of being able to 
develop with the market. Should the market 
increase, additional machine tools can be 
implemented. On the other hand, should the 
market not develop to its maximum project- 
ed level, the user is in the position of having 


| 
| 
| 
| 
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e Manufacturing cell consisting of two machining centers and a horizontal lathe, both of which are 
Fig. 51 
+ serviced by оп overhead gontry robot 





Fig. 52 Manufacturing cell that uses a rail-guided linear transporter 


purchased only the equipment nceded to 
produce for the actual market level, thereby 
realizing a definite savings in capital invest- 
ments. 


Production Techniques 


To fulfill the production requirements of 
potential users, svstem design always starts 
with the study and analysis of parts to be 
manufactured. This encompasses the selec- 
tion of workpieces and the formation of part 
families. 

Workpiece Selection. Choosing the 
workpieces to be machined by a manufac- 
turing system defines the scope of the proj- 
ect. The FMS designer has the unique op- 
portunity of beginning his design with a 
blank piece of paper. His workpiece selec- 
tion directs the system design because the 
design and its components are individually 
tailored to the user's goals and workpiece 
selection. This is a unique opportunity, 
when compared with established methods 
of developing a manufacturing process, that 
is. producing parts with existing facilities. 
and machine tools. 

Like a good tailor who allows for future 
alteration in his suits, the system designer 
must plan for the future of his system, and the 
planning stage is the time to look into the 
future and forcast production requirements. 
Careful planning at the outset determines the 
success of the system in the future. 

Families of Parts. ufacturing sys- 
tems are designed to machine families of 
parts. Dividing parts into families provides 
the user with the opportunity to look at 
them as an entity and determine if they truly 
are candidates for a manufacturing system. 
A definition of families is difficult to isolate. 
One classification system for three basic 
workpiece families is: 

















* By assembly: A common method of 
grouping workpieces that. when assem- 
bled, represent a unit. The major compo- 
nents of a transmission or engine are 
good examples. A system designed to 
machine workpieces of an assembly fam- 
ily would conform to a production sched- 
ule. rather than batch order quantities. 
Assembly families tend to be directed by 
market demand for product shipment by 
model 

© By type: A method of grouping work- 
pieces into generic families. Engine cyl- 
inder heads and industrial butterfly 
valves are two groups of workpieces that 
can be categorized into type families 

ө By size or similar operation: Workpieces 
that share common machining operations 
or physical size can be placed into this 
family. A variety of part numbers using 
the same tooling or fixturing (for exam- 
ple. shafts, spools. and so on) would fit 
very well into this family 





























Choosing a 
Production Technique 


Once objectives have been established 
and workpieces selected, a production tech- 
nique to meet specific requirements can ‘be 
chosen. Figure 48 divides production flexi- 
bility into thre legories: 





* Total flexibility 
* Workpiece family specialization 
* Process specialization 


As the flexibility of a particular manufac- 
turing concept increases, its productivity 
decreases. On the other hand, if productiv- 
ity is the main concern, the cost per work- 
piece and product life cycle must once again 
be reviewed to determine the extent of 
flexibility that will be integrated into the 
system design. 

Flexible Automation Concepts. Con- 
cepts designed to produce workpieces on a 
low-volume but high-variety basis fit into 
the category of complete flexibility. They 
also typically have low productiv 

Midvolume, midvariety manufacturing 
concepts are included in the category of 
workpiece family specialization. These con- 
cepts have a moderate degree of flexibility 
and productivity. 

High-volume, low-variety manufacturing 
concepts are included in the category of 
process specialization. A degree of flexibil- 
ity is sacrificed for the sake of high produc- 
tion output. 

Flexible Manufacturing Alternatives. 
The flexible automation concepts shown in 
Fig. 48 can be addressed with one or more 
combinations of the three flexible manufac- 
turing alternatives, The alternatives are 
manufacturing cells, classic flexible manu- 
facturing systems, and flexible NC lines. 
The complexity and scope of any flexible 
manufacturing system is readily demon- 
strated by the sophistication of the ma- 
chines used and the amount of floor space 
required (Fig. 49). 

Manufacturing cells are the bridge be- 
tween stand-alone NC machining centers 
and full-scale flexible manufacturing sys- 
tems. A cell can be treated as a station in a 
large-scale flexible manufacturing system, 
or it can be an entity unto itself that can 
produce a high variety of service or proto- 
type parts on a limited scale. 

Manufacturing cells can actually address 
two automation concepts, the first being 
complete flexibility, in which the cell would 
machine as many as 300 or more various 
part numbers per year. The total yearly 
production per part number would probably 
not exceed 50. The other automation con- 
cept that a manufacturing cell could address 
is workpiece family specialization, in which 
it could produce a low variety of four to six 
workpieces with an annual production vol- 
ume of approximately 50 000 to 150 000. 
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Fig. 53 Flexible manufacturing system incorporating automated guided vehicle (AGV) material-hondling devices 
ig. and multiple-machining modules 





Fig. 54 Flexible manufacturing system featuring AGY material-handling and multiple-machining modules 





Fig. 55 A typical flexible NC line 


Manufacturing cells are very similar to a 
classic flexible manufacturing system, but 
fall short in their expansion capabilities in 
the areas of computer control and material 
handling. Gantry robots and linear trans- 
porters are both examples of common ma- 
terial-handling devices used in cells. Manu- 
facturing cells can be a subset of a larger 
system in which computer control can op- 
erate a number of cells, and cach cell can be 
treated as an FMS station. Figures 50, 51, 
and 52 show three examples of manufac- 
turing cells. 

A classic flexible manufacturing system is a 
grouping of machine modules or cells de- 
signed to combine the labor savings benefits 
and productivity of traditional transfer lines 
with the flexibility of the NC machining cen- 
ters. Flexible manufacturing systems are used 
to produce midvolume. midvariety work- 
pieces and are included in the workpiece 
family specialization category. The midvol- 
ume, midvariety classification refers to ap- 
proximately 75% of today’s production 
needs, It includes yearly production volumes 
of 15 to 15 000 per part number, combined 
with part varieties ranging from 2 to 800. 

Classic flexible manufacturing systems are 
particularly suited to midvolume. midvariety 
manufacturing. Addressing the midpoint con- 
cept of our production techniques. classic 
flexible manufacturing systems possess ad- 
vantages from both high- and low-production 
concepts. Figures 53 and 54 illustrate two 








typical systems. The designs shown incorpo- 
rate a central computer control with real time 
and decision support logic, automated guided 
vehicle (AGV) material handling, and multi- 
ple machining modules. 

In a classic flexible manufacturing sys- 
tem, under automatic computer control, 
palletized workpieces of different types are 
randomly and simultaneously transported 
between and processed at different machin- 
ing modules and other workstations (for 
example, wash stations, inspection mod- 
ules, and storage devices), according to 
individual processing and production re- 
quirements. A system designer can tailor a 
flexible manufacturing system to meet al- 
most any production volume-variety mix, 
while taking into account user business ob- 
jectives of cost-per-workpiece and product 
life cycle. 

Flexible NC lines are included in the pro- 
cess specialization category because they are 
designed to produce low-variety high-volume 
workpieces. A group of NC modules that 
were designed to manufacture a limited vari- 
ety of workpieces, with changeover being 
internal to the machine modules, would bc 
used to produce as few as 2000 workpieces of 
one part number per year. 

NC lines are the most production orient- 
ed but least flexible of the three alterna- 
tives. Typically they produce only a few 
part numbers at a relatively high production 
rate. NC lines incorporate many advantages 





of transfer line techniques while maintain- 
ing a degree of flexibility. 

An NC line gets its flexibility from the use 
of NC machine modules. Numerical control 
allows random, automatic tool or head 
changing; variable spindle speeds; variable 
feed rates; and multiple-axis movement 
without manual intervention. 

The major feature that separates an NC line 
from the other flexible manufacturing alterna- 
tives is its mode of operation. The NC line is 
capable of randomly and simultaneously ma- 
chining any of several part numbers. Howev- 
er, each of the workpieces is machined in a 
sequential order as it moves from station to 
station along a predetermined path on the 
material-handling system, Figure 55 is a good 
example of a flexible NC line. 

The Volume-Variety Relationship of 
Flexible Automation Alternatives. The 
three flexible manufacturing alternatives 
have now been defined. Figure 56 illustrates 
the approximate areas these three technol- 
ogies will fill on our volume-variety graph. 
The degree of flexibility and production 
output are the major differences between 
the three alternatives. 

The three flexible automation alternatives 
do overlap in their applications. Therefore, 
one particular type of system may not be 
the only answer to a production problem. 
This flexibility of design and overlapping of 
types permits custom-tailored solutions to a 
multitude of production problems. As pre- 
viously discussed, the proper system selec- 
tion is also influenced by the operating goals 
and objectives of the user. 








System Manpower 
Requirements 


FMS technology will have a widespread 
effect on any operation, from accounting 
and quality control to almost every function 
of the manufacturer. An awareness of the 
new requirements that are placed on the 
organization, in addition to the technical 
changes, is a must. The skills of personnel, 
as well as the systems and procedures, must 
be reoriented if maximum benefits are to be 
realized. 

An integrated teamwork concept is need- 
ed because a typical flexible manufacturing 
system can produce considerable quantities 
of a mix of parts in a production-oriented 
environment. Because machines are not in- 
dividually manned, a particular malfunction 
can be due to many factors. Tooling inter- 
face areas (tool/spindle, part/fixture, fix- 
ture/pallet, pallet/machine) and human com- 
munications create the need for constant 
vigilance to maintain FMS quality output. 

The workforce required to operate a flex- 
ible manufacturing system is relatively 
small, compared to other NC manufacturing 
alternatives. The major components of the 
flexible manufacturing system, computers 











and material handling, minimize manual- 
intervention requirements. 

Personnel are primarily administrators of 
the system. For example, labor is used to 
perform the loading and unloading of work- 
pieces under computer direction at the load- 
ing/unloading area. The machine tool oper- 
ators have been replaced by direct 
numerical control (DNC), which monitors 
and controls the machine and operations. 
Rover operations are used to perform man- 
ual checks and operations at the machines. 
Workers normally used to deliver and re- 
move workpieces to the machine tools in 
more conventional manufacturing methods 
have been replaced by an automated mate- 
rial-handling system. 

Maintenance of a manufacturing system 
is critical to its success, and quick response 
to its needs becomes important. Systems 
are designed to be as low maintenance and 
failsafe as possible. Routine maintenance 
and minor repairs are the responsibility of. 
the cell attendant. However, skilled main- 
tenance people are needed to service the 
system in the categories of electrical, me- 
chanical, and hydraulical maintenance. 

Manpower requirements also tend to be 
greater at the start-up of the system and 
until all personnel involved are familiar with 
the operating characteristics of the system. 
The manpower functions for most manufac- 
luring systems are system manager, FMS 
operators, electrical and mechanical techni- 
cians, and quality assurance personnel. 

Implementation. Flexible manufacturing 
systems are an innovative approach to man- 
ufacturing. It is a significant change for 
many plant operations. Personncl on all 
levels of responsibility, from the shop per- 
sonnel and supervisors through the ranks of 
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management, will have different areas of 
concern on how to usc flexible manufac- 
turing systems. Workers should be in- 
formed early of the decision to go to flexible 
manufacturing and should have input in the 
design of the system. Key individuals 
should be selected early to reccive training 


to operate the system even before it is 
operational. The solution of phase one plan- 
ning will fail if enthusiastic input is not 
received by personnel at all levels. Like- 
wise. it is important to establish that re- 
sponsibility for the system lies with the 
user, not the builder. 





Proper Fixturing 


Clifford E. Drake, ENERPAC Group Applied Power, Inc. 


A FIXTURE is a special workholding and 
supporting device that is securely held or 
fixed to a machine. The key characteristic is 
that it is designed and built for a particular 
part or shape. A general-purpose device, 
such as a vise or clamp, is not a fixture. The 
specific purpose of a fixture is to locate and 
hold a workpiece against the machining 
forces. A jig differs from a fixture in that it 
not only locates and holds a workpiece, but 
also guides the tool to ensure accurate po- 
sitioning. Thus, fixtures are more open in 
design than jigs to facilitate the placement 
and removal of the workpiece. The primary 
function of fixtures is to: 


* Enable a variety of part configurations to 
be machined to specification 

* Produce quality products 

* Reduce cost of manufacturing 

* Maximize machine utilization 


Fixtures are used mostly on machining 
centers, milling, drilling, and boring ma- 
chines. They are also used in welding, as- 
sembly, and test applications. 

Fixtures to hold a particular part are made 
from gray cast iron or from steel plate by 
welding or bolting. It is fixed, that is, bolted, 
clamped, or set with a low-melting alloy, to 
the machine. A fixture has locating pins or 
machined blocks against which the workpiece 
is tightly held by clamping or bolting. In order 
to ensure part location over time, the locating 
devices are made from hardened steel. Many 
fixtures are massive because they, like a 
machine frame, may have to withstand large, 
dynamic forces. Because all fixtures are be- 
tween the workpiece and the machine, their 
rigidity and the rigidity of their attachment to 
the machine are paramount. Duplex fixtures 
have been built to allow for the loading or 
unloading of one side of a fixture while the 
machining operation is taking place on a part 
clamped on the other side. 

Fixtures can be made by using standard- 
ized components, such as drill bushings, 
locating buttons, and clamping devices. 
Fixtures can be expensive, however, even 
with standard components. Obviously, their 
cost is a part of the total cost of production, 
and one must determine whether fixtures 
can be justified economically by the savings 
in labor and machine cost that will result 
from their use. 








Fixturing costs are justified when the 
need for frequent changes in machining 
setup is balanced by the volume of required 
work. This goal coincides with the objec- 
tives of both flexible manufacturing systems 
(FMS) and just-in-time (JIT) production. A 
typical FMS operation, for example, may 
contain 5 to 12 machine tools, with each 
machine capable of changing cutting tools 
to perform different tasks, such as drilling, 
boring, or milling, for small-to-medium lot 
sizes, Fixtures make the changeover cost- 
effective by eliminating the problem of set- 
up time for workholding. JIT production, 
with its goal of minimizing inventory by 
providing small lot sizes on an as-needed 
basis, also greatly benefits from the elimi- 
nation of setup time provided by fixturing. 








Optimum Fixture Design 


When designing fixtures, many things 
need to be taken into consideration. It is 
important to have specific information on: 


* Type and size of machine 

* Specifications of the machine tool 
Process to be applied 

* Part size 

* Tooling 

* Number of parts per fixture 

* Size and number of pallets and size of 
machine bed 

* Clearances in the machine enclosure 

@ Feeds and speeds 

* Number of different parts to be produced 

* Production forecasts and scheduling 
needs 

* Constraints on pallet change system 

ө Extent of automation (if any) 

* Tolerances 

* Part rigidity 

* Tool change time 

* Pallet change time 


Proper fixture design is based on sound 
basic workholding principles: 


* The part should use the 3-2-1 approach to 
determine part location in the three planes 
(Fig. 1). Different operations require vary- 
ing numbers of locating planes, depending 
on the complexity of the operation (Fig. 2). 
An alternative approach may be used, de- 
pending on circumstances 


© The fixture should be designed so that the 
clamping and cutting forces are directed 
against the points of location and work 
support (Fig. 3a and 3b) 

The fixtures should be kept as simple as 
possible within the constraints laid out at 
the beginning of the project 

Hydraulic and pneumatic fixtures should 
be designed so that piping is kept out of 
the way to prevent possible damage or 
chip buildup 

Chip traps should be kept to a minimum 
or guards should be installed to prevent 
buildup. Correct and incorrect methods 
of locating the fixture in relation to the 
workpiece for chip removal are shown in 
Fig. 4 

Hydraulic and pneumatic fixtures should 
be designed so that parts stay located 
before being clamped without the opera- 
tor holding them in place 


. 


. 


The challenge of fixturing is tailoring the 
design to the production needs and to the 
characteristics of the machine. Production 
demand may dictate a design that maxi- 
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Fig. 1 


Exact positioning of the workpiece, which 
lacks locating holes, in three planes. (a) The 
first plane is located by placing the workpiece on three 
support balls at location A. (b) The second ond third 
planes are located by butting the workpiece against two 
locating points at location B and flush against the third 
locating point, C, respectively. 
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Fig. 2 Deorees of freedom ond number of locating 
D+ 2 planes for differing production requirements. 
(a) and (d) at partial location, (b) and (e) at location, 
and (c) and (f) at full location. Top row shows degrees of 
freedom. (o) Using one locating plane leaves the com- 

nent with three degrees of freedom. (b) Using two 
locating planes leaves component with one degree of 
freedom. (c) Using three locating planes removes all 
degrees of freedom from component. Bottom raw shows 
typical production application. (d) Adequate for planing 
a workpiece with dimension A. (e) Adequate for milling 
on open slot with dimensions A and B. (f) Necessary for 
milling a blind slot with dimensions A, B, and C 


mizes or minimizes the number of parts 
per fixture. A large part family may re- 
quire the use of pickoff plates to accom- 
modate all the parts without having to 
build individual fixtures (Fig. 5). This re- 
duces costs and required storage space and 
permits a quick changeover. Part geometry 
may lend itself to a column- or angle-type 
fixture so that more sides are accessible 
with fewer setups. 

Hydraulic or pneumatic clamping may 
be directly or indirectly applied, depend- 
ing on the number of parts per fixture and 
the constraints of space. This approach 
can provide flexibility and ease of setup 
for a family of parts by simply changing 
clamp location, clamp arm, or clamping 
linkage. 


Clamping of the work is closely related to 
support of the work. However, there are 
certain principles that relate specifically to 
clamping. First, clamping stresses should 
be kept low. Clamping induces some elas- 
tic stresses that tend to cause some distor- 
tion of the workpiece. If this distortion is 
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Fig. 3 Good ond bad methods for workpiece support and clamping: (a) Clamping forces should direct the work 

Ө. З against the points of location ond work support. (b) Whenever possible, cutting forces should act against 
the fixed portion of a jig or fixture. (c) The points of clamping should be in line with the cutting forces as much as 
possible, so the workpiece is less likely to be pulled from the clamps. This also allows lower clamping stresses, thus 
reducing distortion. (d) Location points should be as far apart as possible ond positioned so that cutting forces do not 
distort the workpiece. On the right, three buttons, rather thon two, are used to form a triangular support to reduce 
distortion. Compliance with these methods also aids in reducing workpiece vibration and tool chatter. 





Workpiece 
жм 


= 


ps 





Б ANN) 
oy SOS 
(a) 


= 


Chips 





Fig. 4 Incorrect and preferred methods of chip clearance when machining with (a) a drill bushing ond (b) a 
19. 4 оу шде workpiece. (a) Drill bushing setup at left permits tool drift due to excessive clearance between 
bushing and workpiece; at center, bushing retains chips because work abuts bushing; at right, proper fixturing. (b) 
Right-angle workpiece progresses from improper fixturing at left to better setup at center to proper fixturing at right. 





Fig. 5 Ал отоу of pickof plates combined to form one fixture equivalent to several standard fixtures, thereby 
^ permitting rapid 
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Fig. 6 typical hydraulic clamping setup with the vacuum clamping form of fixturing 


measurable, it will cause some inaccuracy 
in final dimensions. The obvious solution 
is to spread the clamping forces over a 
sufficient area to reduce the stresses to a 
magnitude that will not produce apprecia- 
ble distortion. 

Second, the clamping forces should direct 
the work against the points of location and 
work support (Fig. 3). It is not safe to 
assume that if there is no designed clamp- 
ing-force component either upward or 
downward, the work will be held properly 
and will not tend to rise from the supports. 
Clamped surfaces often have some irregu- 
larities that may produce force components 
in an undesired direction. Consequently, 
clamping forces should be applied in direc- 
tions that will ensure that the work remains 
in the desired position. 

An important corollary to the second 
principle is that, whenever possible, fix- 
tures should be designed so that the forces 
induced by the cutting process act to hold 
the workpiece in position against the sup- 
ports. These forces are predictable, and 
proper utilization of them can materially aid 
in reducing the magnitude of the required 
clamping stresses. 

The third principle is that as many oper- 
ations as practicable should be performed 
with each clamping of the workpiece. This 
principle has both physical and economic 
aspects. Because some stresses result from 
each clamping, with the possibility of ac- 
companying distortion, greater accuracy is 





probable if as many operations as are prac- 
ticable are performed with one clamping. 
Thus a fixture should be designed to serve 
several operations when possible. From an 
economic viewpoint, it is obvious that if the 
number of fixtures is reduced. a smaller 
investment of capital is usually required and 
fewer man-hours are necessary for position- 
ing and removing the workpiece from the 
fixtures. 


Manual Clamping 

Manual clamping is not only the most 
popular approach to designing fixtures, it is 
also one of the simplest and most flexible. 
One of the most popular manual clamps is 
the machinist vise, although strap clamps. 
edge clamps, and toggle clamps are also 
frequently selected. Most manual clamps 
use some kind of mechanical advantage in 
applying the clamp force. The compact size, 
ease of use, great flexibility, and low cost 
make manual clamps very attractive for 
fixture design. 

While manual clamping offers many 
benefits, its inherent characteristics can 
also create problems when manufacturing 
with more advanced fixturing. It relies on 
the operator to position and tighten it 
properly. Parts can be deformed if 
clamped too tightly, or able to move if not 
clamped tightly enough. Clamping force 
may vary from operator to operator. which 
can subsequently alter the quality of the 
finished workpiece. Manual clamping and 


unclamping usually requires more time 
than pneumatic or hydraulic approaches. 
Manual clamping is also more difficult to 
automate as more unmanned systems are 
installed. 


Pneumatic Clamping 

Other forms of clamping were developed 
as manufacturing needs changed. Increased 
productivity and increased utilization of 
machine tools required faster clamping 
methods. Faster clamping would allow 
quicker loading and greater production. 

Pneumatics was the next form of clamp- 
ing to be pursued. It was easy to automate 
and to use. Pneumatic clamping is now used 
extensively for assembly and light-welding 
fixtures. These applications require auto- 
mation and consistent clamping forces. 
Pneumatic clamps may be applied directly 
to hold parts in fixturing or indirectly using 
toggles or linkages. 

Pneumatic clamps arc relatively large for 
the amount of force they apply. In addition, 
the compressibility of pneumatics makes 
them more difficult to control in a smooth, 
progressive manner. However, the use of 
pneumatics allows simplified piping be- 
cause compressed air can be returned to the 
atmosphere without environmental con- 
cerns or pollution disposal problems. 

Vacuum clamping/fixturing, another 
form of pneumatic clamping, is used exten- 
sively by the aerospace industry and by 
other manufacturers of large thin-section 
parts (Fig. 6). Fixtures are designed with 
O-ring seals near the perimeter of the part. 
A vacuum is then pulled inside the O-ring 
area to draw the part into the fixture. Be- 
cause of the large surface area of the part, 
high clamp force can be generated. Manual, 
pneumatic, or hydraulic clamps are usually 
used in conjunction with vacuum to ensure 
that parts are adequately seated to the O- 
ring. 





Hydraulic Clamping 

Hydraulic clamping, another alternative, 
improves the overall speed of the clamping 
process, enhances both the repeatability 
and consistency of clamping, and provides 
high clamping forces from a compact clamp 
package. Hydraulics is very controllable 
and gives a smooth clamp action for im- 
proved life and quality of parts. With more 
conventional machine tools, the primary 
benefit of hydraulics is the speed of clamp- 
ing and unclamping, allowing the operator 
to load and unload the part rapidly and get 
the machine back into operation as soon as 
possible. If a part is a thin section one, 
prone to distortion, the consistency and 
repeatability of hydraulic clamping make it 
an attractive alternative to manual clamp- 
ing. As awareness of quality has grown in 
recent years, hydraulic clamping has found 
more widespread use in industry. 

















Clamping 
cylinders (2) 








Positioning 
cylinders (2) 


Workpiece 
supports (2) 


Booster 


1 Typical hydraulic clamping system, consist- 
Fig. 7 ing of Bos Ча renda cju. id 
clamps, and work supports, and powered by the booster. 
The sequence of cylinder actions for positioning, support- 
ing, and clamping are actuated by the sequence valve. 








Basic hydraulic clamp systems incorpo- 
rate miniature threaded cylinders or swing 
clamps, often d in conjunction with 
work supports (Fig. 7). Work supports re- 
place the mechanical screw jacks required 
to prevent distortion of the part when ini- 
tially clamped or during the machining pro- 
cess. Power sources used to operate the 
systems may be air/hydraulic or electric. 
They build and maintain pressure to ensure 
that parts are held throughout the machin- 
ing cycle. 

The high clamping forces generated by 
the relatively compact hydraulic devices are 
becoming the accepted method of clamping. 
today's high horsepower machining cen- 
ters. Hydraulic clamping systems have the 
added advantage of being able to absorb 
much of the vibration associated with the 
machining proce: 

With nonpalletized machining operations, 
à power source is usually located with the 
machine tool and connected to the fixturing 
to provide clamping force. The power 
source ensures that hydraulic pressure is 
maintained throughout the machining cycle. 
With palletized or flexible manufacturing 
system (FMS) operations, it is usually not 
possible to maintain hydraulic connections. 
while the fixture is moving in and out of the 
machine environment. For such situations, 
alternative approaches have been devel- 
oped to ensure that the clamping force 
remains constant. 

Three approaches are currently available 
for palletized-fixturing applications: 








* Conventional hydraulics 
* Positive-lock clamping 
* Hydraulic/mechanical locking 


Conventional hydraulics is most often 
applied and used in conjunction with an 
accumulator and a shutoff valve to maintain 
pressure. The accumulator is a stored oil 


charge that compensates for any clamp set- 
tle-in or temperature variation in the system 
(Fig. 5). This approach requires a good, 
tight hydraulic system free from leaks. A 
periodic maintenance program must be in- 
stituted to ensure that the system stays leak 
free. When set up and properly maintained, 
it provides trouble-free service. 

Positive-Lock Clamping. The second hy- 
draulic approach uses high-force springs to 
provide clamping and hydraulics to release 
clamps for part loading and unloading. This 
positive-lock type of clamping does not rely 
on the maintenance of hydraulic pressure. 

There are several characteristics associated 
with spring clamping that need to be consid- 
ered when designing the fixture. Strokes as- 
sociated with high-force springs are generally 
relatively short, and it is therefore important 
to take into consideration possible casting and 
forging variations in these cylinders. The oth- 
er primary characteristic associated with 
spring clamping is the rate change with deflec- 
tion. As spring deflection rate is increased, 
the clamping rate increases. Clamps should 
be sized so that they are used in the 
middle ranges of the clamps. 

One of the big advantages of spring 
clamps is the simple piping associated with 
the system. Positive-lock clamping ensures 
uninterrupted clamping throughout the ma- 
chining cycle. 

Hydraulic/Mechanical Locking Clamps. 
The third form of hydraulic clamping for 
palletized operations is a combination of 
hydraulic and mechanical locking clamps 
(Fig. 8). The hydraulic portion gives а 
advantages of longer strokes, con: 
and repeatable clamping, and consistent 
clamping anywhere in the stroke, and when 
combined with a locking collet, the system. 
provides positive locking without the neces- 
sity for maintaining hydraulic pressure. The 
part cannot come loose even if stored for 
extended periods of time. 

The hydraulic positive-locking type of 
clamp is larger than its conventional hy- 
draulic counterpart and requires more com- 
plex plumbing to actuate the hydraulic cyl- 
inder and the locking mechanism. These 
clamps are available as swing clamps, push 
clamps, and work supports. 

When selecting the proper mechanism, it is 
necessary to consider several factors, that is, 
space, clamp forces, stroke requirements, the 
need (or absence thereof) for positive locking, 
the number of parts per fixture, and the ability 
to route the necessary piping. 

















Automation 


As automation is applied to more ma- 
chine tools, it is necessary to add equipment 
to clamping systems to compensate for the 
absence of the operator. More sensing is 
required, and the computer numerical con- 
trol (CNC) or programmable logic control- 
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ler (PLC) actuates solenoid valves to con- 
trol the process. Automation is usually 
applied to the load/unload station with robot 
load and automatic clamping systems for 
moving clamps from the cutter path and 
then reclamping once the cutter has passed. 
The computer numerical control is pro- 
grammed to energize solenoid valves 
which, in turn, move the clamps. Clamps 
may be equipped with sensors that provide 
a feedback signal, providing the controller 
with verification of clamp position. Auto- 
matic couplers are used to connect hydrau- 
lics, air, vacuum, and electricity to pallet- 
ized fixturing (Fig. 9 and 10). 





Modular Fixturing for 
Limited Production 


It is usually quite easy to justify dedicated 
fixturing for high-run production parts but it 
becomes increasingly more difficult with 
limited production runs. This applies to 
short and medium run parts or those for 
which uncertainties exist regarding fixture 
production and scheduling. Modular fixtur- 
ing is gaining acceptance as a solution to 
short- and medium-run needs, especially 
when frequent setups are required. While 
not a new concept, reusable fixturing 
provides greater flexibility while reducing 
fixture cost (Table 1). John Warton has 
been credited with developing the first 
modular fixturing system in the early 
1940s, for the British war effort. This 
system was brought to the United States in 
the late 1940s. There are several systems 
currently available. 

The flexibility of modular fixturing lends 
itself to today's systems. Reusable fixturing 
is particularly suited to short- and medium- 
production runs for which justification may 
be a problem. Modular fixturing provides 
the ability to: 


* Manufacture prototype parts during the 

product development process, when 

changes are frequent and the part config- 

uration has not yet been finalized 

Get into production much quicker once 

the design has been finalized 

* Introduce new products when sales vol- 

umes would not otherwise justify the use 

of dedicated fixtures 

Produce pilot runs before designing and 

building dedicated fixtures 

Build service parts on an as-required ba- 

sis without having to store and maintain 

the old production fixtures 

* Assemble back-up fixturing in the event 
of damage to conventional fixtures or 
when peak customer demand requires 
additional manufacturing capacity 


It is feasible to run production on a modular 
fixture because its flexible and reusable 
features are a more cost-effective way to 
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Fig. 8 Severce of operations for a positive lock swing clamp: (a) The port C of the aulocoupler is pressurized to engage the autocoupler. Second port B of the autocoupler 
9. 8 i pressurized, which connects to port 1 of the clamp. The clamp will then clamp the workpiece. (b) System pressure builds os the workpiece is clamped, and the sequence 
valve then opens. This, ín turn, pressurizes port 2 of the cylinder, closing the self-locking collet. (c) System pressure to the cylinder con then be released without loss of clamp force, 
The autocoupler is disengaged, and the palletized fixture can be shuttled into the machine. (d) Once Ње pollet is returned to the load station, the autocoupler is engaged, and 
port A is pressurized; this in turn pressurizes port 3, and unlocks the locking mechanism. (e) System pressure builds up, the sequence valve to port 4 opens, ond the cylinder 


unclamps. 








manufacture a broad range of products than bases machined with a grid pattern (Fig. ing techniques or on computer ided design 
by building dedicated fixturing. 12). The locating clamps are assembled in (CAD). using the CAD data base. The draw- 

А modular fixturing system consists of a conjunction with one another to create a ing includes a complete bill of material and 
series of standard locating and clamping fixture. The fixture can be designed in a tool — all the coordinate locations so that the setup 
units (Fig. 11) that are mounted to fixturing design department using conventional draft room can assemble the fixtures as required. 





is " ЕЕ 
Automatic couplers used in conjunction with o network of hydraulic, Ере, 4 Compact, automatic couplers used to control the movements of а 


Fig. 9 ошл, air, and electric lines to provide polletized fixturing palletized fixture 





Fig. Т1 standard locating and clamping units used in modular fixturing systems 


Another approach is to have the setup room 
assemble the fixture around the part. It can 
then be documented by photographs or 
sketches for later duplication. As the setup 


Table Т Long-term operating costs 
for modular versus dedicated 
fixtures 





Dedicated fixture Modular fixture 





Design. $50/h 1 380000 $100.00 
Material cost. . =. 275.00 : 
Fabrication, $50/h . 1800.00 - 
Assembly, $50/h . ... 150.00 
Amortization(a) wee t 480.00 
Inspection/test, $50/h 100.00 50.00 
Storage space per year. 50.00 

Disassembly, $50/һ 50.00 
Total. . -. $3025.00 $830.00 





(а) Cost of base and elements. $4800. divided by tea different 
usages 





room becomes proficient, this approach can 
be a very time-effective way of building 
modular fixtures. 

To be successful with modular fixturing, 
all of the components must be cataloged and 
inventoried in an orderly fashion. This al- 
lows ease of use and ensures that parts do 
not get lost and are always in good repair. 
The drawings for setting up the fixtures can 
be put together in a setup book, which may 
include photographs of the fixture. The set- 
up book should have all the information 
necessary to put the fixture together, in- 
cluding any adjustable height dimensions or 
settings that may be required. 

Self-Adapting Fixture Element (SAFE) 
Modular Fixturing System. In most sys- 
tems, a grid base is used with a series of 
bushed holes to locate the components ac- 
curately. Threaded mounting holes may be 
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located directly under the bushings or adja- 
cent to the bushings. To accommodate a 
variety of different part shapes that may or 
may not lend themselves to the exact grid 
locations, grid adjusters are available to 
ensure clamping and location anywhere 
within the pattern. Typical accuracy for the 
hole pattern on a grid plate is 0.010 mm 
(0.0004 in.), relative to hole spacing over a 
500 mm (20 in.) span. Flatness and perpen- 
dicularity follow the same tolerances. High- 
accuracy systems are often necessary to 
ensure the same part tolerances even with 
second and third operations. 

Another feature of the SAFE system is 
the use of self-adapting fixture elements, 
which consist of balls fitted in an O-ring- 
sealed, lubricated, precision socket that 
self-aligns and allows clamping and locating 
on irregular surfaces without distorting the 
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part when clamped (Fig. 13). s distor- 
tion-free clamping ensures improved part 
quality during the manufacturing process. 


Cost Factors in Fixturing 


Cost considerations usually play a large 
part in fixturing decisions. With added com- 
plexity, such as more parts per fixture and 
more fixtures per machine, fixturing costs 
rise considerably. In modular fixturing, 
however, other factors must be included in 
the justification, and a value must be placed 
on each. First, fixturing should help im- 
prove overall machine utilization. To this 
end, feeds and speeds should be optimum 
for the application, and tool and pallet 
changes (if a palletized system is used) 
should be minimized. Frequent indexing is 
usually faster than tool or pallet changes. A 
faster loading-unloading cycle for nonpallet- 
ized operations is desirable. Also, fixture 
components that are reusable for a number 
of different parts improve machine utiliza- 
tion. 

Other factors to consider in justifying the 
cost of fixturing include: 


© Amount and value of scrap: Reduction of 

scrap is a factor. Second- and third-oper- 

ation scrap is far more expensive. 

Operator utilization: More complex fix- 

turing results in less operator time for 

setup and handling 

Mode of operation: This influences the 

fixturing approach (batched versus just- 

in-time, or JIT, for example) 

Production lot size: Lot size may affect 

the mode of operation 

Flexible versus dedicated — fixturing: 

Choice depends on lot size and mode of 

operation 

© Level of automation: This dictates the 
use of automated fixtures and affects cost 
dramatically; fixturing should be consid- 
ered in the decision to automate 


When budgeting for a machine tool pur- 
chase, fixturing should be considered early 
in the project. On conventional vertical 
machining centers without pallet changers, 
fixturing is 5 to 10% of the machine cost. 
With horizontal machining centers with pal- 
let changers, it is closer to 25 to 35% of the 
machine tool cost. If not properly budgeted, 
the success of the project is compromised 
by under-utilization of expensive equip- 
ment. 

The cost of modular fixturing was initial- 
ly higher than that of dedicated fixturing, 
but reusability for different fixtures makes 
the cost of modular fixturing lower be- 
cause costs are amortized over a number 
of setups. Modular fixturing component 
life can exceed 10 years if maintained 
properly. 


Fig. 12 


construct о modular fixturing system 


Grid pattern configurations available for mounting the locating and clamping units of Fig. 





M to 








(a) 


Fig. 13 


(by 


Replacing conventional clamping method (a) with SAFE clamping method (b) in a modular fixturing system 
eliminates costly rework or port rejection due to warpage normally encountered when clamping costings and 


forgings. (a) In conventional clamping, workpiece is normally clamped at three points by strap clamps, and the warpage 
progresses os follows: warped undersurface of workpiece rests unevenly at clamping points (top); clamping pressure 
severe strains (center); and the machined surface springs out of flat when the clamps are released (bottom). (b) 


produces п 
In the SAFE clamping 


method, the workpiece floats into position: flatted balls of upper clamps float to secure workpiece 


(top); the lower arms of the clamps are similarly fitted with identical ball and socket components to avoid strain and provide 
distortion-free clamping (center); and the machined surface stays true when the workpiece is removed (bottom). 


When justifying any fixture purchase, 
there are short-term costs and long-term 
costs. Short-term is usually the cost of 
initial purchase and setup, while long-term 
is the operating cost of the system that has 


been chosen. For example, low initial cost 
may result in higher operating cost of the 
system, but higher initial cost of better 
fixturing may be the most cost-effective 
approach in the long run. 





Tool Condition Monitoring Systems 


IN-PROCESS TOOL MONITORING 
SYSTEMS can electronically detect exces- 
sive tool wear or warn of impending tool 
failure to lessen machine downtime and 
prevent the production of out-of-tolerance 
parts. The degree of sophistication of this 
technology becomes evident when a moni- 
tored machine achieves 90% of available 
uptime when only two years earlier it would 
rarely have exceeded 60% uptime. This 
article discusses the sensing technology 
currently available for manufacturing appli- 
cations. The advantages, disadvantages, 
and applications of this technology, as well 
as several case studies, are included in this 
overview. 





Historical Evolution 


Early metal removal machining opera- 
tions employed slow, belt-driven equip- 
ment, using tool steels as the cutting mate- 
rial. The metal removal industry followed 
the example of the wood machining indus- 
try in both technique and shape of tooling. 
Machines were typically manned full tim 
Sensing of the machining process was pri- 
marily done by sight, sound, and touch of 
the human operator. 

In time, production demands grew. With 
the advent of the Industrial Revolution, 
more efficient machines and cutting materi- 
als were introduced into the workplace. The 
development of heat-resistant cutting tools 
in the 1930s and 1940s increased life; how- 
ever, many of the tools introduced during 
that period did not have the strength of tool 
steel cutting tools and were brittle. 

Speeds increased as bearings that could 
handle heavier machining loads were devel- 
oped, and machining output became even 
greater, However, as machine efficiency 
increased, the ability of the operator to 
respond to unexpected events became less 
likely, and damage to equipment and inju- 
ries to individuals increased significantly. 

In the early 1930s, monitoring of the 
clectrical motor became one of the first 
sensing devices to mimic the human senses 
and help stop uncontrolled catastrophic 
events. Machining torque was generally 
quite high with very low revolutions per 
minute (rpm) (speeds less than 30 m/min, or 
100 sfm), making this overload sensing tech- 
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nique quite effective for the 1930s and 
1940s. 


With the mass production of the automo- 
bile and the high volume demand for con- 
sumer products in general, speeds contin- 
ued to climb, and torque became less 
important in the newer machines. Мсаѕиг- 
ing motor current became less and less 
meaningful in detecting potential machine 
breakdowns. 

The rapid rise in speed is demonstrated 
by the following table, which lists machin- 
ing speeds over the past decades and those 
projected for the future: 

















Speed — 
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State-of-the-art equipment has spindles 
machine materials at 100 000 rev/min 
with point positioning of the tool in excess 
of 425 mm/s (1000 in./min). The capability 
of tooling in the 1980s and the potential 
capability of equipment in the 1990s is: 














Variable 19805 average —— 1990s requirements 
Available machine 
uptime ...............60% Must be >80% 
Average cost of 
collision $1000/5. 
ity shipped -~ 98-100% 
Machine warranty... year 5 years 
Maximum 
utilization of 
cutting process ..... 60% 90. 
Human impact... Operator- Limited or no 
attended. operator 
manufacturing attendance 





The need for sensing, therefore, becomes 
clear. Machines must be designed to protect 
themselves so that all of the advantages 
mentioned previously can be achieved. 
Without sensing techniques, these objec- 
tives cannot be reached. It is a known fact 
that every metal removal machine will 
eventually fail (spindle collides with the 
machine bed and causes metal-to-metal 


impact). The machine must be designed to 
detect failure or catastrophic machining 
events so they can be prevented. 


Variables Monitored 


There are three basic elements to any 
modern sensing system, a sensing source, a 
signal amplifier, and a microprocessor or 
translator to interpret information. 


Sensing Source 

The sensing tasks for a manufacturing 
operation are substantial. In addition to 
being cost effective, sensors must be non- 
intrusive, environmentally safe for the op- 
erator, abuse resistant, sheltered from the 
manufacturing environment, uninfluenced 
by outside phenomena (other than that 
which is being monitored), repeatable, and 
highly accurate. The sensor should also 
have self-calibrating or zeroing capabilities 
and on-line diagnostics. 

Adding to the complexity of the sensor 
are the multitude of machine types for 
which the sensor is expected to perform, 
such as numerical control (NC) machines, 
milling machines, multispindle screw ma- 
chines, lathes, machining centers, single- 
purpose dedicated machines, transfer lines, 
grinders, tapping and threading machines, 
broaching machines, and so of. 

‘The type of sensor used depends on the 
specific application and the results desired by 
the users. Clearly identifying the goals to be 
accomplished is a primary objective with ev- 
ery monitoring application. These include: 











* Machine overload detection only 

* Tool breakage monitoring, using cither 
one nuisance tool only or all tools, such 
as those on a lathe or machining center 

* Tool wear detection 

Detection of missing tool that acts as a 

probe to sense when the process has not 

been performed 

® Monitoring of machine conditions such as 
machine being up to temperature, preloads 
approval, lubrication approval, bearings 
approval, and detection of water in spindle 

* Automatic tool wear compensation 


The consensus is that 70 to 80% of all 
metal removal and metal-forming applica- 
tions can be monitored while in proce: 
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Fig. Т Typical plate transducer consisting of four piezoelectric quartz crystal sensors 


Various sensing devices have been devel- 
oped to measure specific machining param- 
eters such as force, tension, feed, and 
torque, and the advantages and disadvan- 
tages of these devices must be considered 
on an individual basis for cach application 
to provide optimum utilization of each sen- 
sor (transducer). Sensors used for tool- 
monitoring applications can be classified by 
what they measure, that is, plate. bearing, 
tension, feed force, and torque. 

Measuring Plate Transducers. The scn- 
sors in this device are integrated into a plate 
(Fig. 1) that is then mounted between the 
turret and the carriage. The actual sensing 
element is a piezoelectric quartz crystal, 
which is very durable and capable of accu- 
rately measuring relatively heavy loads be- 
cause of its sensitivity. Among the disad- 
vantages of this transducer is the fact that it 
is not retrofitable and calibration is difficult 
to stabilize. 









Bearing transducers arc instrumented on 
standard spindle bearings to measure existing 
radial and axial forces (Fig. 2). The advantag- 
es of this device are its retrofitability; sensi- 
tivity to tool wear, tool breakage, and miss- 
ing-tool condition; self-calibration; and case 
of installation. A major disadvantage is that 
the system operates only when the spindle is 
actually rotating and has high sensitivity. 

Tension-measuring transducers mca- 
sure forces that cause deformation (Fig. 3). 
Sensitive transducers can measure these 
deformations even on large structures such 
as ram head vertical turret lathes. These 
sensing devices are designed for ease of 
installation and can be retrofitted to up- 
grade machinery. Their use is limited to 
overload applications. 

Feed force transducers are used in mul- 
tiple spindle applications that require mon- 
itoring of each individual spindle. The trans- 
ducers (Fig. 4) are mounted on the 














Fig. 2 Bearing transducer mounts on standard spindle bearings to measure radial and axial forces 


circumference of a spindle shaft, as shown 
in the two-spindle setup of Fig. 5. These 
transducers offer advantages such as moni- 
toring of individual tool information and 
high sensitivity to tool wear, tool breakage, 
and missing-tool conditions. Unfortunately, 
the units arc not easily retrofitted and may 
require some changes in machine design. 
Tapping transducers mcasure in-process 
torque generated during tapping operations 
(Fig. 6). Measuring torque is complex, but it 
has been accomplished in production appli- 
cations. Tapping transducers are retrofit- 
able, usually measure tapping force in both 
directions, measure missing force, and can 
be interfaced with analog or infrared sys- 
tems, Some systems, however, are limited 
to measuring torque in one direction only. 














Signal Amplifier 

With a self-calibrating sensor established 
to measure a machining parameter, this 
information must be relayed to a preampli- 
fier, where the signal is intensified and 
subsequently sent to a microprocessor. The 
reaction time for a state-of-the-art sensing 
system is significantly improved over now 
outdated motor current monitoring Sys- 
tems. 

Motor current monitoring systems dc- 
tect a signal within 100 ms and transmit the 
signal back to the motor to confirm that à 
problem exists. These two intervals and the 
additional time needed to transmit the infor- 
mation to the computer numerically con- 
trolled (CNC) system total 1000 to 3000 ms 
of elapsed time to bring the machine to a 
complete stop. 

Modern Sensing Technology. If the sig- 
nal is reliable, no confirmation of the signal 
is required, as in motor current monitoring. 
Problem detection expends 10 ms, and com- 
munication time expends 50 to 250 ms be- 
fore inertia is used to stop the machine, for 
a total elapsed time of 310 ms. This is 
one-tenth to one-third of the elapsed time 
required with the motor current monitoring 
system. If the total response time is kept 
under 400 ms, any major damage to the 
cutting edge will be avoided. 

















The Role of Microprocessing 

After a sensor has detected a potential 
problem and communicated it to the opera- 
tor, microprocessor technology is used to 
transfer the information to the controls of 
the machine. 

While most sensing technologies work 
under optimum laboratory conditions, few 
survive the rigors of the manufacturing en- 
vironment. The microprocessor has over- 
come this problem and allowed sensors to 
be introduced into the hostile environment 
of the shop floor and to stay permanently. 

Microprocessor Capabilities. All ma- 
chine operators will readily admit that there 
is a difference in machining results when 
operating a cold machine rather than a hot 
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Fig. З renion-measuring transducer used to measure deformation forces 





machine. The sensor detects the difference 
and must adjust precisely to this condition, 
as well as to hundreds of other variables 
that occur in the real world of manufac- 





turing. The microprocessor absorbs all var- 
iables in milliseconds and is equipped to 
make decisions based on this information. 
For example, if the operator inadvertently 





Fig. 4 Bushing transducer that mounts on circumference of а machine spindle shaft 


hits the machine with a hammer, the sensor 
feels the shock. In milliseconds the micro- 
processor must decide whether the shock 
was from the cutting edge, or some other 
source. The choice made must be the cor- 
rect one, otherwise the operator will receive 
a nuisance trip, which will eventually lead 
to a loss of confidence in the system. 

The microprocessor must be user friend- 
ly, and the information on the faceplate 
must be informative and meaningful to the 
operator (Fig. 7). Furthermore, the micro- 
processor should be self-teaching with ad- 
justable limits so that limit values are estab- 
lished within the first hours after 
installation. 

Example 1: Single Tool Monitoring Sys- 
tem Satisfies Objective of Four Users. 
Microprocessing provides numerous op- 
tions in choosing strategy depending on 
user objectives. The case of four users with 
four separate objectives demonstrates the 
options available. 


@ User 1: Machine overload detection for 
multitool setup 

* User 2: Tool overload detection on mul- 
titool setup 

* User 3: Tool wear, tool breakage, and 
missing-tool detection on multitool setup 

ө User 4: Drilling with a single tool, tool 
breakage, and missing tool 





User 1. Figure 8(a) illustrates different 
force values obtained for four machine tools 
using the sensor layout shown in Fig. 8b). 
Within minutes, forces from each tool are 
identified, and a single overload limit is put 
over the largest value and becomes analo- 
gous to an electronic shear pin. When the 
machine is overloaded beyond the set limit, 
the machine is put into feed hold. The 
sensor should be located close to the cutting 
action. A surface-tension measuring trans- 
ducer mounted to the turret is a low cost 
solution. 

The electronic unit consists of an ampli- 
fier and microprocessor to monitor the 
limit. The output signal overload is sent 
directly to the feed drive and stops the slide 
movement in the shortest possible time. 

The load on the turret can be divided in 
two sections; the normal (standard) load 
range and overload range. The standard 
load range is defined by the dimensions of 
the machine. Major damage that requires 
expensive repairs on the turret or spindle 
should not occur within this range. But 
overloading the turret shifts the tool-chang- 
ing mechanism and can damage the spindle 
and feed drives. The overload monitoring 
system shuts the machine down immediate- 
ly if the maximum load limit is reached. 

User 2 is also using four separate tools, 
but wants additional protection, such as 
machine overload protection, a single limit 
over each tool (limit 2), and a limit between 
tool changes (limit 1). These variables are 
illustrated in Fig. 9. At intervals t,, 23, £s. £7. 
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Fig. 5  Muttispindle bearing transducers positioned on two adjacent machine spindle shafts 


and fy, the tools mounted on the rotating 
machine spindle are in a no-load or air- 
cutting mode. At interval т, the force, Fy, 
generated by the facing tool is midway 
between the lower limit (1) and upper limit 
(2). At t,, the roughing tool generates a 
cutting force, F», which approaches but 
does not surpass the upper limit. At te, the 
first finishing tool generat cutting force, 
F,. that just barely exceeds the lower limit. 
At ty, the second finishing tool generates a 
cutting force, Fy, that is less than the lower 
limit. The actual cutting force is adjustable, 
but the two fixed limits are fixed in terms of 
the lower limit being a fixed percentage of 
the upper limit. At no time did the cutting 
force approach the overload limit, which is 
the maximum allowable force capable of 
being sustained by the cutting tool. Tool 
wear is a function of the constantly increas- 
ing cutting force as the tool is dulled. The 
sensor also monitors when the tool is miss- 
ing (no part in fixture due to loading error) 





or broken should the force exceed the over- 
load limit. 

User 3 wants to know when a part is out 
of position and when casting is oversize or 
undersize. He also needs to be aware of tool 
wear for each tool, tool breakage, and miss- 
ing tool on three different tools. The moni- 
toring necessary to achieve these goals is 
illustrated in Fig. 10. 

At the beginning of cach lot, the device is 
switched to the teach-in mode. The micro- 
processor stores the actual value for each 
section and sets limits for tool wear and 
breakage with the aid of adjustable factors. 

In the automatic mode, the actual force is 
then monitored. Forces exceeding the limits 
are reported to the machine control. 

At intervals f,, 44, 25, and £7, the tools 
mounted on the machine spindle are in a 
no-load or air-cutting mode. For the facing 
operation (interval z), the force is below the 
upper limit of F,. For the turning operation 
(interval z4), the force is below the upper 








limit of F;, where F, < F,. For the boring 
operation (interval f,), the force is below the 
upper limit of F,, where F, > F, > Р. The 
lower limit, F4, remains constant through- 
out the entire machining cycle. 

User 4 was experiencing tap breakage 
because upstream drills were breaking and 
were unable to provide the necessary holes 
for the tapping station. The user wanted 
to ensure that holes were always present. 
The strategy to eliminate the problem re- 
quired monitoring the variables shown in 
Fig. 11. 

In tapping applications, the assurance 
that the hole is tapped before the part goes 
to the customer is of the utmost importance. 
Figure 11 describes a fail-safe method with 
sensing. Figure 11(а) shows a normal tap- 
ping force as it completes its cycle. Figure 
11(b) shows the reaction to a broken tap. 
However, what happens when thc operator 
fails to put the tool in the spindle or when 
the tap breakage is not seen? Figure 11(с) 
describes a fail-safe technique, in which a 
missing force is sensed by the transducer to 
confirm that the cycle is completed without 
a force. The machine tool is put into a 
feed-hold mode until the hole is tapped and 
a force is felt. 

The complete tool monitoring system that 
would meet the needs of User 4 as well as 
the previous three users is shown in Fig. 12. 


Design Considerations 


Two case studies from two different ends 
of the metal removal spectrum, broaching 
and drilling, have been selected to empha- 
size the cost effectiveness of using a tool 
condition monitoring system. 


Monitoring System 
for a Broaching Machine 


The Need for Monitoring. The broaching 
process is characterized by a varying force 
that is applied during the machining cycle. 
The monitoring system must, therefore, use 
a floating limit to control the tool. The 
forces, however. increase and decrease 
with the position of the broaching tool. 
because the tool has a heavy-duty part at 
the beginning and a finishing part at its end. 
Therefore, the pattern strategy is a reason- 
able solution. 

Sensing Element. A load-sensitive trans- 
ducer is used to measure the forces. This 
transducer is designed to measure the resis- 
tance to cut versus the cutting forces. The 
cutting forces are generally not very infor- 
mative about the actual tool condition be- 
cause of the variables around the cutting 











edge. 
Tool Condition Monitoring Strategy. A 
monitoring system consists of three compo- 


nents: the transducer, the preamplifier, and 
the microprocessor. The system functions 
as follows: 








Fig. 6 Torque transducer used to monitor in-process torque generated in tapping operations 


ө In the home position of the machine, the 
force transducer is automatically zeroed 
When the broaching operation starts, the 
position of the tool and the resistance to 
cut are measured 

In long broaching strokes, it may be 
necessary to look only at a portion (high 
loads for example) of the broach, or it 
may be necessary to look at the entire 
stroke under a pattern recognition system 
that identifies time and resistance and 
then automatically duplicates this data on 
subsequent broaching strokes 


The cut limit strategy being used at this 
automotive manufacturer involves four in- 
dividual broaching positions (see Fig. 13) 
with four transducers monitoring approxi- 
mately 30 kN (7000 Ibf) (sharp tool) per 
guided ram of the broach machine. 

The component being produced is an au- 
tomotive steering yoke. The components 
are positioned side by side (four to a ma- 
chine) with a broach being pulled through 
each one of the components, In this appli- 
cation, the broaches are 1220 mm (48 in.) 
long and are pulled through the workpiece 
in about 4 s. 

Customer Problem. The need for tool 
condition monitoring resulted because of 
the following tooling problems encountered 
in the production of an automotive front- 
end steering gear linkage used in the steer- 
ing wheel shaft: 


* Six broken broaches per week 


* Badly ground broaches not being caught 
until broken 

* Irregular tool life between 400 and 4000 
parts 

© Part misalignment causing broach damage 

* All of the above contributed to less than 
50% available uptime on machine 


Results. A tool conditioning monitoring 
system produced an increase in tool life and 
productivity. 


© Broach breakage reduced from six bro- 
ken broaches per weck to 0.166 per weel 
or two per quarter 

* Badly ground broaches exceeded wear 
limit almost immediately and were with- 
drawn to eliminate breakage. A new re- 
grind program was instituted because cut- 
ter grind could see forces from badly 
ground broach 

ө Part misalignment gave immediate over- 
load indication; no broken broaches re- 
sulted from this condition 

* Tool life averaged approximately 5000 
parts after breakage problem was corrected 

@ Machine uptime increased more than 20% 

€ System payback was achieved in 8 
months 





Monitoring System for Drilling 

an Automotive Support Arm 
Operating Parameters. An automotive 

parts supplier used a drill with disposable 
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Fig. 8 Sree" depley (o) of four forces being 
9. 8 monitored for overload in a turret assembly 
using the electronic sensor setup shown in (b). See text for 
discussion. 
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Fig. 9 ime. Limit 2'is calculated from the highest load ond is used to monitor the roughing tool. Limi 





Plot of cutting force against time for four separate tooling operations: facing, roughing, and finishing (2). Limit 1 is monitored during rapid traverse to reduce reaction 
3 provides overload protection and is activated during the whole 


machining process. A large number of software variations is available for special tasks and machines. See text for discussion. 
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carbide-tipped inserts to machine a 27.43 
mm (1.080 in.) hole in a forged-steel support 
arm using a four-spindle drilling machine at 
2000 rev/min, at a speed of 172 m/min (565 
sfm). and at a feed of 255 mm/min (10 in./ 
min). 















































15: facing ia turning, 4: boring Results. Table | compares the cost and 
total production figures obtained over a 
| — — Measured value span of 24 months (3 shifts, and 616 working 
| days) for production without tool condition 
di monitoring as well as the production and 
" cost figures obtained when motor current, 
5 ball screw, and strain gage monitoring sys- 
Р їстїз were used to track tool condition. 
E T Payback from tool condition monitoring 
9 | Feed | | I ! systems was achieved within nine months 
—41 бей. — Lis 1______ of being introduced into plant operations. 
be tye rnn d n I t— t, >| After one year, the operator had given up 
5 Time, t— —* piece count and was using only force read- 
" & E i 3 ator normal- 
; Plot of cutting force against time for a force that has о variable upper limit at each of the three 112 to gage tool wear. The opera d 
Fig. Т0 iiri, stations: facing, tning, ond boring. See text for discussion- ly replaced drills every 300 to 400 pieces. 
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Fig. ТТ ро of topping force against time for three conditions: (а) normal cutting, (b) tool breakage, and (c) tool missing. See text for discussion 
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Fig. 12 A complete tool monitoring system incorporating strain-gage instrumentation 


Table 1 Savings and productivity increases obtained with three 


Machining control unit 














13 Pol! broaching of automotive steering 
g- wheel yoke components on a brooching 
machine rom. Each of the four broaching stations is 
equipped with a separate transducer to monitor part 
production. 


With the force count, he changed tools 
every 1000 pieces with the tools of one 
manufacturer and 900 pieces with the tools 
of another manufacturer. The operator re- 
lied exclusively on the tool condition mon- 
itoring system to determine the need for 
tool replacement. An additional benefit was 
that bearing life was increased by 30% due 
to the elimination of spindle overload. 





different tool condition monitoring systems, compared to tool costs and 





production figures obt 
drilling an automotive support arm 


ed with no monitoring of tool condition, when 


Future Developments 
Many other sensing techniques in addi- 

















No tool Motor Ball screw Bearing, " ^ " 

monitoring monitoring  monitoring(a) monitoring ШОП to the ones mentioned are being cx- 

Holes produced per holder, average plored, including acoustics, infrared light, 
number scenes 5000 700 12000 22000 fiber optics, and vibration monitoring. De- 
Tool cost, four spindlestb). ..... $91 300.00 $87 760.00 $63 420.00 5411160 velopment has been slow because of the 
Hours of tool hange: per veur. МО)... [3 30 red 83 environmental sensitivity of many of the 
Cost per һошг......... v. $32.00 532.00 532.00 $32.00 newer sensors. Some new developments 
Cost for tool change 526 624.00 $28 624.00 56 912.00 $2656.00 Will have limited, very select applications. 
Total cost . .. «$07 924.00 $106 384.00 $70 332.00 $43972.00 Whatever sensor is selected, it must not be 





ta) Electronic problems in ball screw monitoring system necessitated the use of backup power monitoring. (b) Tool cost includes 


affected by anything other than the element 


Scrapped parts, broken fixtures, tool holders, and indexable insert use. (c) Tool change hours include downtune caused by both broken — jt js monitoring, or the system will be use- 


amd worn tools 


less in a manufacturing process. 
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Principles of Grinding 


GRINDING MODES are all similar. An 
abrasive surface is Pressed against a work 
surface with a force perpendicular to the 
Contact zone (normal direction), and mate- 
rial is removed from the work and wheel, 
This is true for grinding wheels or belts, 
using conventional abrasives such as alumi- 
num oxide or silicon Carbide, superabra- 
sives such as cubic boron nitride (CBN) or 
diamond, or the newest abrasive, seeded gel 
(Ref 1). Three factors determine how much 
material will be mutually removed: 


* The sharpness of the abrasive surface 
* The magnitude of the normal force 
* The durability of the abrasive 


In addition, a second force, tangent to the 
wheel-work contact, when multiplied by 
wheel speed and a constant, determines the 
Power used by the operation. The tangential 
and normal forces are related by a coeffi- 
cient of friction; therefore, in production 
grinding, in which the normal force is al- 
most never known (without a dynamometer 
of some type), the tangential force can be 


25 - "B Ds Vs 
25 = n Ds Ve 


Richard P. Lindsay, Norton Company 


calculated from power measurements and 
used as a proxy for the normal force. 


Grinding Wheel and 
pres a mme Ш 


Figure 1 shows an external grinding sys- 
lem, but this discussion pertains to any 
mode. The Subscript W refers to workpiece 
parameters, and the subscript S is used | for 
wheel factors. The slide infeed rate Ve. 
compressed the wheel and Work springs, 
generating a normal force, Fy, which 
causes the work to be ground at a radial 
rate, Vw, and the wheel to wear at a radial 
rate, Vs. The tangential force, Fy, develops 
as a fraction (from 0.25 to ~0.4) of the 
normal force. Volumetric removal rates— 
either total, Z (in units of in.*/min), or on a 
unit-width basis, Z' (in units of in.*/min, 
in.)—can be calculated using the equations 
given in Fig. 1. The grinding width, B, is 
given in inches. In the Steady state, when 
Fw and Fy have reached a constant value 
after some grinding time: 





24 = 7B Dy Vy 
Zh - Dy 














[рете of a cylindrical grinding system. The equations are used to determine 
(2, or Zw) and unit-width Volumetric removal rates (2; or Z,). See text for discon” Source: Ref 2 


total volumetric removal rates 


Vi = Vw + Vs (Eq 1) 
Figure 2 shows a surface grinding mode in 
which some wheel depth of cut, a, is usually 
set on the machine, Again, this forced de- 
flection compresses the system springs, de- 
veloping the normal force Fy. The volumet- 
ric removal rates are calculated using the 
depth of cut. For cylindrical grinding, the 
wheel depth of cut can be expressed as: 
= Yw 

Nw 
where Nw is the workspeed in (in./s)/ 
(rev/s). 

Figure 3 shows a typical wheel-work 
characteristic chart relating surface finish, 
wheel wear rate, metal removal rate, and 
power to the normal force. Slight variations 
in work material, wheel specification, wheel 
Speed, coolant, and grinding wheel-work 
conformity will all affect the slopes of these 
lines, but not the basic relationships. Such 
Charts can be used to plan complete produc- 
tion grinding Cycles for short-term opera- 
tions. However, if extended grinding is 
done (grinding many parts without wheel 
dressing), the wheel may dull or sharpen, 
and the slopes will change again. Therefore, 
time can be thought of as a third axis going. 
into the paper where the slopes of the lines 
in Fig. 3 may change, depending on the 


elapsed time. (Superabrasives are less sen- 


a (Eq 2) 


Zu-aVuB 
Zi = a Vw 





Fig. 2 Schematic of a surface grinding system. The 
19- 2 gations given erc used to determine re- 
‘moval rates Z,, (in,*/min) and 24, (іп. /min, in.). 
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removal parameter = 0.014 in.2/min, lbf. A, workpiece unit-width volumetric removal rate; B, surface finish; C, 
vnitowidth power; D, wheel unit-width volumetric removal rate; E, wheel metal removal parameter (slope = 0.000555 
іп, Ут. Р = 20 Ibf/in. is the threshold force, or the force ot Zw = 0. 


sitive to time and are used for many parts 
before reshaping of the wheel face, usually 
with a rotary diamond; sec the article 'Su- 
perabrasives" in this Volume.) The equa- 
tion for power (see Fig. 3) is valid for 
horsepower, using pounds of force and feet 
per minute for Fy and wheel speed, respec- 
tively. 

In Fig. 4, the power is plotted against the 
metal removal rate; both are plotted on a 
unit-width basis. The slope, that is, the 
specific power (SP), is given in hp/in."/min. 
It is analogous to the metal removal rate 
versus the normal force slope of Fig. 3, 
shown as the work removal parameter 
(WRP), which is given in in.*/min, Ibf. 
When the work removal parameter is larger, 
the corresponding specific power will be 
small (sharp-acting wheels); when the spe- 
cific power is larger, the corresponding 
work removal parameter is smaller (dull- 
acting wheels). 

Other rescarchers have constructed dif- 
ferent data presentation methods. Figure 5 
shows external grinding data from a Euro- 
pean university. An equivalent chip thick- 
ness, Heq, where Н, = metal removal rate/ 
(wheel speed), has been used as an indepen- 
dent variable (horizontal axis), with G ratio 
(the volume of metal removed/volume of 
wheel used), finish, and Fy, and F+ plotted 
against it. If a wheel speed is chosen. mea- 
surements from Fig. 5 can be plotted as in 
Fig. 6. Figure 6 shows the same relation- 
ships as Fig. 3 and 4. Therefore, even 
though the data in Fig. 3 and 4 were ob- 
tained from a controlled-force machine and 


the data in Fi from an infeed-rate ma- 
chine, the data are related exactly the same 
in Fig. 3, 4, and 6. 


Conformity or 
Equivalent Diameter 


Figure 7 shows three cylindrical grinding 
systems: one internal (Fig. 7(a), at left) and 
two external (Fig. 7(b), at right). The equa- 
tions for the equivalent diameter, Dy. are 
given in Fig. 7 for both modes. The equiv- 
alent diameter is the size of wheel that 
would be used for surface grinding (at right, 
Fig. 7) to represent the way the original 
wheel-work pair fit together. The internal 
system produced a 914 mm (36.0 in.) equiv- 
alent diameter, while the two external sys- 
tems produced equivalent diameter values 
of 83.8 mm (3.3 in.) for the 102 mm (4 in.) 
part and 24.1 mm (0.95 in.) for the 25.4 mm 
(1.0 in.) part. Therefore, for some applicd 
normal force, for example, 450 N (100 Ibf), 
the external systems would generate small- 
er contact lengths than the internal systems. 
This means that the internal mode would 
have a smaller pressure (pressure = Fy/ 
contact length) than the external mode. A 
softer wheel grade (J or K, for example) 
would be used to ensure that dulled abra- 
sive grains are released properly under this 
lower pressure. In contrast, the higher-pres- 
sure external system could use a harder 
grade (M to O, for example); otherwise, its 
high pressure would cause a soft grade to 
wear too rapidly. Wheel grades should be 
chosen to balance applied pressure. De- 
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against unit-width metal removal rate for the data used in 
Fig. 3. Threshold power HP;,, or power at Zy, = 0, is 
1.6 hpfin. 


tailed information on grinding wheels is 
available in the articles "Grinding Equip- 
ment and Processes" and "'Superabra- 
sives" in this Volume. 

Figure 8 shows the effects of Dy; on cutting 
and power on two grinding systems. In Fig. 
8(a), the external system (D, of 61.0 mm, ог 
2.4 in.) needed only 14 Ibf/in. of threshold 
force to begin cutting and then had a 0.0153 
WRP slope. The internal system (Dy of 28.96 
mm. or 11.4 in.) needed 35 Ibf/in. to begin 
cutting and then had a shallower WRP slope 
of 0.0129. This means that for any removal 
rate (any horizontal line up the Zy-axis) the 
internal system will usc higher forces. In Fig. 
8(b), at any removal rate (any vertical line 
along the Zy,-axis), the internal system would 
use higher power because of its larger thresh- 
old power (4.4 versus 2.6 hp/in.) and steeper 
SP slope (11.3 versus 8.59 hp/in.‘/min). 
Therefore, the high-conformity internal sys- 
tem needs more force to cut at the same 
removal rate because of its low pressure due 
to its longer contact length. 





Wheel Dressing 


Wheel truing or dressing is done with 
single-point or multipoint stationary dia- 
mond tools or rotary diamonds. For station- 
ary tools, the dressing lead and the depth of 
dress are two important factors, as illustrat- 
ed in Fig. 9. The lead is calculated by the 
axial velocity per wheel-rotary-speed ratio. 
igure 10 shows the effects of harsh (lead: 
0.51 mm/rev, or 0.020 in./rev; diametral 
depth: 0.05 mm, or 0.002 in.) and gentle 
(lead: 0.10 mm/rev, or 0.004 in./rev; diame- 
tral depth: 0.025 mm, or 0.001 in.) dressing 
on cutting, power requirements, and G ra- 
tio. The harsh dressing generated a steeper 
WRP slope in Fig. 10(а) (meaning it would 
take lower forces at all Zy, rates), lower 
power in Fig. 10(b) because of its shallower 
specific power slope, but poorer G ratios at 
all removal rates in Fig. 10(c). Therefore, 
the harsh dressing sharpened the wheel, 
thus reducing forces and power, but made it 
wear faster at all Zw rates. 
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Fig. 5 Effect of equivalent chip thickness, Huq. A, surface finish, Rui 
9- 9 tongential force, Fy; D, G ratio. Source: Ref 3 
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Figure 11 shows a famous graph devel- 
oped at the Technical University of Braun- 
schweig, West Germany. The horizontal 
axis is the speed of a parallel-axis diamond 
roll divided by the wheel speed. A positive 
value (to the left of the zero axis) indicates 
that the roll and the wheel are traveling in 
the same direction at contact. To the right 
of the zero axis is the negative region, 
where the directions are opposite at con- 
tact. Figure 11(a) shows wheel sharpness 
after truing as determined by tracing a sty- 
lus instrument over the trued wheel. Peak 
values of roughness (the sharpest wheel) 
were obtained at +1.0 (wheel and roll tray- 
eling at the same speed in the same direc- 
tion) and at zero (roll not moving). Both 
peak conditions are not recommended, be- 
cause the +1.0 condition reportedly rips 
diamonds from the roll and because the zero 
position would, of course, wear a flat on the 
roll. However, any positive value generates 
a sharper wheel than any negative ratio 
because the negative-direction curves de- 
crease continuously (the wheel is becoming 
duller). In addition, the radial infeed of the 
roll per wheel revolution can also increase 
or decrease wheel roughness, as shown by 
the four parallel curves in Fig. 11. There- 
fore, forces and power can be reduced by 
using a larger infeed per revolution and a 
positive direction (+0.8 is good), Better 
finishes can be obtained by using a shallow 
infeed per revolution and negative ratios. 

Figure 12 shows the results of recent tests 
conducted on a creep-feed grinder. The 
speed ratio was varied from +0.85 to —0.85, 
and normal force and power (not shown) 
were measured while grinding 4340 at four 
metal removal rates. The forces (and pow- 
er) were lowest at the +0.85 ratio and 
increased steadily until about —0.2, then 
remained essentially constant. The curves 
shown in Fig. 12 follow the sharpness 
trends of Fig. 11, confirming those direc- 
tions. 











Coolant Effects 


Coolants are described in the article 
“Metal Cutting and Grinding Fluids” in this 
Volume, but a brief discussion of coolant 
effects is appropriate in this article. Figure 
13 shows the effects of three fluids: a sulfur- 
chlorinated oil, a water-soluble oil at 10% in 
water, and a synthetic oil at 5% in water. As 
shown in Fig. 13(a), the sulfur-chlorinated 
oil required the least power at any removal 
rate. Sulfur-chlorinated oil also produced 
the best G ratios (60 to 400% higher than the 
water-soluble oil) (Fig. 13b) and, generally, 
the smoothest surface finishes (Fig. 13c). 
The synthetic cutting fluid was the poorest- 
performing fluid, giving the lowest G ratios 
and the roughest surface finishes. 

Figure 14 shows a water-soluble oil at 676 
in water versus a rust inhibitor at 3% in 
water. Figure 14(a) shows that water-solu- 
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0.0129 in.%/min, ЫЕ. (b) Unit-width power plotted 
against workpiece unit-width volumetric removal rate. A, 
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Relating internal and external cylindrical grinding to surface 
(3.6 in.) ond workpiece diameter, Dw, of 102 mm (4.0 in.), the 
mm (1.0 in.) and Ds of 508 mm (20 in.), De is 24.1 mm (0.95 in.). F 
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ble oil used less power at all Zy, values. As 
shown in Fig. 14(b) and (c), the water- 
soluble oil gave 70 to 80% higher G ratios 
and 15% better finishes, respectively. There 
are numerous types of grinding oils (heavy- 
duty, light, and so on), and there are many 
more types of water-base fluids. The three 
grinding fluids discussed in this section 
demonstrate that these fluids can be signif- 
icant factors in deters ing optimum grind- 
ing parameters. 


Effect of Grinding Time 


Figure 15 shows the effects of grinding 
time (or metal volume removed) on G ratio, 
power and surface finish with the same 

1 and water-soluble oil (these are the 
ividual grinds that produced the average 
values shown in Fig. 14). As more metal 
was removed, the wheel was progressively 
dulled, which under these controlled-force 
conditions was shown as slower Zy rates at 
constant power (Fig. 15b). This means that 
at some Zy rate, for example, 1.0, the 
power increased from 10.5 hp/in. (curve A) 
to 13.0 hp/in. (curve B) to 15.8 hp/in. (curve 
C) as the wheel was used without dressing. 
Figure 15(a) shows that the G ratio steadily 
increased from 23 to 52 after grind A to 189 
to 638 during grind C. (The average values 
for all grinds were 113 to 188, as indicated 
by the open circles in Fig. 14b.) In Fig. 
15(c), the surface finishes were 44 to 51 pin. 
R, after the first grinds (curve A), 35 to 49 
pin. R, after three grinds (curve B), and 38 
to 57 win. R, after six grinds (curve C). 
Therefore, even though the G ratios in- 
creased with time, the surface finishes re- 
mained the same for curves A and B, but 
increased after six grinds at curve C. Asa 
result, absolute wheel wear slowed with 
time (as shown by increasing G ratios), but 
the ability of the wheel to produce the 
desired surface finish deteriorated. 


Surface Integrity 


The surface integrity of the ground sur- 
face is extremely important. In steel parts, 
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grinding using the equivalent diameter. (o) For internal grinding with wheel diameter, Ds, of 91.4 mm 
‘equivalent diameter, D, obtained is 914 mm (36.0 in.). (b) For external grinding with Dw of 25.4 
Dyy of 102 mm (4.0 in.) and D; of 508 mm (20 in.), D, is 83.8 mm (3.3 in.). 


damage may be hidden because a clean, 
nondiscolored surface may have subsur- 
face tensile stresses induced by grinding. 
These stresses can cause premature part 
failure. In the bearing industry, a common 
practice is to soak the parts in a hot 
hydrochloric acid bath after grinding. If 
tensile stresses exist, the surface of the 
part, which is made brittle by the acid 
bath, will crack. If no tensile stresses 
exist, the surface will not be cracked. 
However, in either case, the part will be 
destroyed. 

Figure 16 shows the force necessary to 
cause etch cracks in bearing steel plotted 
against work speed. Curves A and B show 
the boundary lines for safe, uncracked parts 
when the work removal parameter slope is 
steep (sharp wheel, WRP = 0.0064 in./min, 
Ibf) and shallow (dull wheel, WRP = 0.0024 
in./min, Ibf). The safe region is the area 
beneath each curve. However, dulling can 
occur with extended grinding time. There- 
fore, a force of, for example, 200 Ibf/in., 
which at 2.5 m/s (500 sfm) work speed 
would be safe for a sharp wheel (beneath 
the upper curve), would cause cracking if 
the wheel dulled down to the lower sharp- 
ness because 200 Ibf/in. is above curve B. 
As a result, the first few parts in a skip- 
dress sequence would show no cracks when 
etched, but cracks would suddenly occur 
and propagate unless the wheel were 
dressed. As previously noted, aggressive 
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', and G ratio. Material being ground with 38A100MBVBE abrasive wheel is 52100 bearing steel at 60 HRC with Vs of 


Fig. 10 Efes of wheel dressing on cuing, power 


57.9 пуз (11 400 sm), Vw of 0.5 m/s (100 sfm), and De of 45.7 mm (1.8 іп.). Wheel was dressed with a single-point diamond. (a) Cutting: A, WRP = 0.022 
SP = 8. 





in."/min, lbf; В, WRP = 0.016 in.?/min, Ibf. (b) Power: А, SP 


6.0 hp/in. Yin; 
rate for the two lead and diametral depth conditions mentioned above 





hp/in.?/min. (с) G ratio plotted versus workpiece unit-width volumetric removal 
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i Effect of speed ratio on a creep-leed grinder. Going from positive to negative roll per wheel speed direction 
Fig. 12 increases the normal force and the power. Workpiece was 4340 steel at 50 HRC. It was ground with a 
38A801-D25VX514 abrasive wheel dressed with a 30/40 mesh reverse-plated diamond roll having a 0.0020 mm/rev 
(0.000080 in./rev) feed rate and 5% water-soluble ой coolant. Wheel speed, V., was 28 m/s (5500 sfm). Curves оге 
plotted for four values of Zw, workpiece unit-width volumetric removal rate (in. /min, їп. ). A, 1.03; B, 0.78; C, 0.53; D, 
0.27 








en wheels to help prevent this dulling. 
Grinding at work speeds of 0.25 to 0.50 m/s 
(50 to 100 sfm) will not reveal this wheel 
sharpness factor and will allow only very 
low forces to be used, with the resultant low 
productivity. 

Figure 17 shows the maximum residual 
stress in a finish ground part plotted against 
the average metal removal rate. The stress- 
es were obtained by stepwise etching away 
thin layers from the specimen and measur- 
ing the resultant change in distortion. The 
maximum tensile stress (worst condition) 
was produced at condition 2 using a 0.25 
m/s (50 sfm) work speed and a dull wheel, 
which was created by very gentle dressing. 
"Then, still with the dull-dressed wheel, the 
work speed was increased to 2.5 m/s (500 
sfm), which reduced the maximum tensile 
stress to 415 MPa (60 ksi) at condition 3. 
By dressing more aggressively, the wheel 
was sharpened (о WRP = 0.0058 in.?/min, 
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Fig. 13 


at 1096; C, synthetic fluid at 5% in water 


lbf (up from 0.00288 in.*/min, lbf) and 
produced a desirable compressive stress at 
condition 7. Finally, the sharp wheel was 
used at a work speed of 2.5 m/s (500 sfm), 
followed by a 10-s sparkout, which cold 
worked the surface to produce a still high- 
er compressive stress at condition 6. 

As each step was taken, successively faster 
metal removal rates were used. Therefore, 
the final condition (condition 6) produced the 


Effect of coolants on power (а), G ratio (b), and surface finish (c). Material machined is M7 
Ут) using a 53ABONBVI28 abrasive wheel with a speed of Vs = 43 m/s (8500 sfm) ond a Dy of 53.3 mm (2.1 in.). A, sulfur-chlorinated oil; B, water-soluble oil 


Workpiece unit-width volumetric removal rate 
(240, іп тіп, in. 


(b) 


same desirable compressive stress as the low- 
stress condition usually recommended, but at 
а much higher productivity. Low forces, low 
power (which sometimes means low wheel 
speed), sharp-acting wheels (usually soft 
grades), high work speed, and a lubricating 
fluid (oil) rather than a cooling fluid (water 
based) will improve surface integrity. Refer- 
ence 6 provides more detailed information on 
surface integrity. 





Appendix: 


Comparison 


of Cutting and Grinding 


Material cut with tools or ground with 
abrasives can be described as a system 
whose behavior is determined by such var- 
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inhibitor at 3% 





Effect of woter-mixed coolants on average power (а), cumulative G ratio (b), and overage 
ground with a 32BOMBVS abrasive wheel having V, of 43 m/s (8500 эйт), Vw of 46 mimin (150 sim), ond De of 213 тт (8.4 in). А, water-soluble oil at 6%; B, rust 


iables as forces, power, wear, surface fin- 
ish, and metal removal rates. Different 
methods of data presentation have been 
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Average workpiece unit-width volumetric 
removal rate (Zw, |}, in.)/min, in- 


(b) 


Workpiece unit-width volumetric removal rate 
(24,1, in. min, in. 


ie 


steel at 61 HRC, which was externally ground at Vw = 15 m/min (50 


used for cutting with tools (milling, turning, 
boring, and so on) as opposed to grinding 
with abrasives. In this section, one method 
is used for both in order to compare forces, 
power, and metal removal rates on an iden- 
tical basis. 


Systems 


Figure 18(a) shows a turning operation on 
alathe. The work rotates at a certain speed, 
Ус, and the tool has a depth of cut (DOC) 
and axial feed per revolution along the part. 
Figure 18(b) shows how these are related. 
The three forces acting on the tool are 
shown in Fig. 18(a): 


© Cutting force, Fe 

The force radial or perpendicular to the 
work surface, Fr 

e Axially, the feed force, Fp 
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surface finish (c). Material mochined is 52100 bearing. steel at 60 HRC that was. 
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Changing tensile stress to compressive stress with sharp wheels and high work speed when grinding René 
80 with an oil coolant. Source: Ref 5 
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speeds. Material machined is 52100 bearing steel at 60 
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Figure 18(c) shows how these three forces 
are resolved into Fy, a normal force. Drill- 
ing, boring, and milling operations can be 
similarly modeled. 

Figure 19 shows an external grinding sys- 
tem. There are two forces: Fy in the normal 
direction and Fy in the tangential direction. 
As the slide is fed into the part at the rate 
Ук, it induces Fy, which causes the work- 
piece to be ground at a radial rate Vy and 
the wheel to wear at a radial rate Vg. 

In Fig. 18 and 19, Z is a volumetric 
removal rate. In cutting, Z is the metal 
removal rate calculated as shown in Fig. 
18(b). For grinding, Zy is the metal removal 
rate, and Zy is the wheel wear rate. In both 
cases, the tangential force, Fc or Fr, mul- 
tiplied by the work speed in cutting, Ve, or 
wheel speed in grinding, Vs, is the power 
used. 


System Graphs 


Turning. Figure 20 shows turning data on 
4130 steel tubing with four tools having 
different rake angles. Figure 20(a) plots 
metal removal rate against the normal force, 
and four linear relationships describe the 
slope. The tool with the 45° rake had a small 
threshold force and the steepest slope, 
while the 25° rake tool had the largest 
threshold force and the shallowest metal 
removal parameter (MRP) slope (metal re- 
moval rate per unit force). This means that 
for any Z value (any horizontal line from the 
vertical axis) the 45° tool would always use 
the least force and that the force would 
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Z = (DOC)(Feed) Ve Fu = VFR + FE 


Power = Fc Vc 





(а) tb} ie 


Fig. 18 Nomenclature for turning operations on a lathe. (a) Schematic of есе and tool setup. (b) Relation 
°- of depth of cut to axial feed per revolution and workpiece speed, V... (с) Vector diagroms of the cutting 
(Fc), radial (А), ond feed-force (Fr) components that form the resultant normal force (Fn) 
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Fig. 20 Turing dota for 4130 steel ing using four too bits having different rake angles ot Vc of 


0. 
s (90 sfm). (a) Metal removal rate plotted against normal force yields MRP slope (mm'/s, kgf): A, 36.3; 
.846; B, 





B, 22.0; C, 13.7; D, 5.73. (b) Power plotted against metal removal rate yields SP slope (W, s/mm*): A, 
0.98; C, 1.037; D, 1.47 
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(a) (b) 
Fig. 21 Jing data for 58 HRC high-speed tool steel cut with o CBN tool having a —6° roke. Depth of cut 
9. wos 2 mm (0.08 in.), and Ve моз 1.33 m/s (260 sfm). (a) Metal removal rote plotted against normal 


force yields the metal removal parameter of 7.0 mm//s, kgf. (b) Power consumption plotted against metal removal rate 
yields the specific power of 2.7 W, s/mm?. 


Ën = товы 
Zs = 1 Ds Vs Bs 


Power = Fr Vs 





i Schematic of an external grinding system. 
Fig. 19 The terms in the schematic ore used to 
calculate the metal removal rate (Zw), the wheel wear 
rate (2), and the power consumption. 


increase as the rake angle is reduced to 40, 
35, and 25°, which would always use the 
highest force. 

Figure 20(b) plots power against metal 
removal rate. Again, there are four linear 
relationships, with the slopes designated 
specific power, which is the power required 
to cut at some removal rate. The worst tool 
for cutting efficiency, the 25° rake, used the 
most power at any Z value; the best cutting 
tool, the 45° rake, used the least power. 

This method provides two values, the 
metal removal parameter and the specific 
power, which describe the cutting and pow- 
er requirements of each system. Usually, 
for cutting, the normal forces are ignored 
(but sometimes measured); each power is 
divided by its own metal removal rate, and 
different values of power/metal removal 
rate are obtained from five individual tests. 
These values are usually plotted against 
metal removal rate, showing that specific 
energy decreases with higher removal rates. 
In fact, Fig. 20(b) would simply show that a 
threshold power exists. If there were no 
threshold power, all five power/metal re- 
moval rate values would be nearly identical, 

Figure 21 shows graphs of the hard turn- 
ing of 58 HRC high-speed tool steel with a 
cubic boron nitride tool. Again, there are 
two numbers describing this system: the 
MRP slope (Fig. 21a) and the SP slope (Fig. 
21b). 

External Grinding. Figure 22 shows ex- 
ternal grinding results on soft steel using 
CBN-electroplated wheels (one layer of 
abrasive on a steel hub). The 36-grit abra- 
sive wheel cut freer (higher MRP slope) and 
used less power (shallower SP slope) than 
the 80-grit abrasive wheel. 

These and other tests, including turning 
with negative-rake tools to simulate grind- 
ing, are shown in Fig. 23, which is a plot of 
the SP slope versus the MRP slope. The 
best direction on Fig. 23 is down (low 
power) and to the right (low normal force). 
All cutting results are in the best direction 
in the lower-right section, but the nega- 
tive-rake cutting (simulating grinding) is in 
the upper-left or worst position. The up- 
per-right section, which offers higher pow- 
er but low normal force, contains the 
grinding results, although there was a 6:1 
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workpiece metal removal rate to obtain specific power 


External cylindrical grinding of 4150 steel at 23 HRC using CBN-electroplat 
was used with Vs of 57 m/s (11 200 stm). Wheel grit sizes: A, 36 grit; B, 80 grit. (о) Workpiece metal 
removal rate plotted against normal force to obtain metal removal parameter. (b) Power consumption 
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difference between the worst and the best 
grinding results. This means that ordinary 
cutting uses power much more efficiently 
than grinding, except where negative-rake 
tools are used. Therefore, the low-power 
aspects of cutting influence the ability to 
send a chip sliding up an inclined tool 
plane (positive-rake tools). However, cut- 
ting uses normal forces as high as those in 
grinding because both sets of data are 
generally in the same area on the right of 
the graph. This means that the normal or 
deflection forces in cutting can be as large 
as those in grinding. There was an 8:1 


change in normal force in both the cutting 
and grinding data. 
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Grinding Equipment and Processes 


METAL IS REMOVED from the work- 
piece by the mechanical action of irregular- 
ly shaped abrasive grains in all grinding 
operations. This article will discuss grinding 
wheels and disks, coated abrasives, and 
grinding machines and processes. These 
processes include: 


* Rough grinding 

€ Precision grinding 
* Surface grinding 

* Cylindrical grinding 
* Centerless grinding 
* Internal grinding 

* Tool grinding 


The quantitative relationships among im- 
ortant grinding process variables are de- 
ribed in the preceding article in this Sec- 
tion. In addition, the grinding fluids 
described briefly in this article are dis- 
cussed in greater detail in the article '' Metal 
Cutting and Grinding Fluids" in this Vol- 
ume. 


Grinding Wheels and Disks 


In their simplest form, grinding wheels 
can be thought of as multitooth cutters. 
‘They consist of three primary components: 





* Abrasive (the cutting tool) 

* Bond (the toolholder) 

* Porosity or air for chip clearance and/or 
the introduction of coolant 


Each of these components has a profound 
effect on the grinding process. 

Standard Marking Systems for Grind- 
ing Wheels. Abrasives can be classified as 
conventional abrasives or superabrasives 
(see the article Superabrasives" in this 
Volume). Figure | shows the standard 
marking system for conventional abrasive 
products (aluminum oxide or silicon carbide 
abrasives). Figure 2 shows the standard 
marking system for superabrasive products 
(diamond or cubic boron nitride, CBN, 
abrasives), Although standard marking sys- 
tems are available, many parts of the mark- 
ings have no standard of measurement. 

Abrasive Type and Grit Size. In both 
marking systems, the first two components 
of the marking deal with the abrasive type. 
The second component defines the chemis- 
try of the abrasive, while the first defines 
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the specific type of that abrasive. The sec- 
ond two components deal with the size of 
the abrasive particle. The third position 
defines the sieve spacing to which the par- 
ticle corresponds. In other words, the grit 
size is roughly equal to the linear holes per 
inch of a sieve that the particle would just 
pass through. A 60-grit particle, for exam- 
ple, would pass through a 56-mesh screen 
but would be caught on a 64-mesh screen. 
Table 1 lists the mean particle sizes for 
various grit sizes. The grit size varies indi- 
rectly with the particle size. The fourth 
position further describes the particle size 
distribution by defining the combination of 
grit sizes that has been used to manufacture 
the grinding wheel. There is no industry 
standard for grit size combination. 

Bond Designation and Grain Spacing. 
The latter part of the marking deals mainly 
with the bond and the spacing of the grain in 
the bond. For conventional abrasive 
wheels, the fifth, sixth, and seventh posi- 
tions are the bond hardness (or the amount 
of bond), the porosity or grain spacing, and 
the bond type. For superabrasive whecls, 
those positions are again the bond hardness, 
the concentration or the amount of grain in 
the abrasive section (and actually, by infer- 
ence, the grain spacing), and the bond type. 
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The bond hardness or grade of a wheel is 
defined by an alpha character: the letter A 
being soft or having very little bond and the 
letter Z being hard and holding the abrasive 
tightly into the grinding wheel. The defini- 
tion of what constitutes a given grade letter 
for hardness or harshness of the grinding 
action varies by bond and by manufacturer 
because there are no industry standards. 

Porosity. There are no standards for struc- 
ture or porosity in conventional abrasive 
grinding wheels or for concentration in su- 
perabrasive wheels other than the relativc 
scales. In conventional abrasive wheels, low 
structure numbers are densc and have little 
porosity (consider that the number is the 
distance between the abrasive grains), while 
high numbers denote porous products. In 
superabrasive wheels, higher concentrations 
have more superabrasive particles. 

Bond Types. Bond markings are generally 
standardized throughout the abrasives in- 
dustry. The eighth position in conventional 
and superabrasive marking systems further 
defines the bond type and is vendor specif- 
ic. In superabrasive product markings, the 
ninth position denotes abrasive layer thick- 
ness. Superabrasive wheels often contain 
thin rims of expensive abrasive in a bond 
matrix or a nonabrasive preform or holder. 


ISVBE 
























































D 
" m» 
vee а 
%, 
» 
©, 
Abrasive e Proprietary 
symbol 
rit si tru 
T e. | MES Grade | Structure _| [Bond tvoe) | unor or numerar 
16 Aluminum oxide = 16A The structure or both to 
19 Aluminum oxide — 19A err number of à designate a 
23 Aluminum oxide — 23A | | Се месте Fre | | son mearum Hors | wheel refers to | | v, vitrified || variation or 
32 Aluminum oxide - 32A || 10 30 70 220|| AE IM QV || the relative modification of. 
зв Aluminum oxide  38A||12 36 во 240|| BF JN RW|| spacing of the | |B. resinoid || bond or other 
57 Aluminumoxide 57A||14 .. 90 280||CG KO Sx || grains of characteristic of 
75 Aluminum oxide 75А ||16 46 100 320 |DH LP TY||abrasiveithe | |R, rubber || the wheel.Typical 
3) Silicon carbide 37C||20 54 120 400 и? || lacer the symbols are P, G, 
39 Silicon carbide - 39C||24 60 150 500 number, te | |E.shelac || and ве 
180 600 wider the grain 
spacing. 
Dense Open 


Structure number: 1234567 89 10 11 12 13 14 15 16 etc. 


Fig. 1 Standard marking system for conventional alumi 


(Use is optional) 


inum oxide and silicon carbide abrasive grinding wheels 
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Fig. 2 standard morking system for diamond (a) ond cubic boron nitride (b) superabrasive grinding wheels 


Table 1 Mean particle sizes for 
grits used in conventional abrasive 
grinding wheels 
































Particle size 
рна | 

Grit sine am in. 
6848 0.2577 

5630 0.2117 

4620 0.1817 

3460 0.1366 

. 2580 0.1003 

. 2100 0.0830. 

1660 0.0655 

1340 0.0528 

1035 0.0408 

930 0.0365 

36. 710 0.0280. 
46 508 0.0200 
54. 430 0.0170. 
60 406 0.0160 
70. 328 0.0131 
80 kerainan 266 0.0105 
90. 216 0.0085 
100 173 0.0068 
120 142 0.0056. 
150. 122 0.0048 
180. 86 0.0034 
220. 66 0.0026. 
MO. 63 0.0024 
280. 44 0.0017 
320 2 0.0012 
BOO Lisa ons pte ER 23 0.0009 
500 еен 16 0.0006 
CC euis © 0.0003 
900... 6 0.0002 

Levigated 

alumina sis. ceret 3 0.0001 


Note: Grit size varies indirectly with particle size: 





Abrasives 


In addition to particle or grit size. abra- 
sives have a number of properties that de- 
termine their efficacy in the grinding pro- 
. These properties include chemistry, 

s, durability. fri- 








ability, and sharpness. 


Properties of Abrasives 

The chemistry of an abrasive can affect 
its ability to cut at grinding interface tem- 
peratures. Diamond and silicon carbide are 
harder than aluminum oxide, but when steel 
is ground under high pressures, a chemical 
reaction occurs that degrades these abra- 
sives compared to the relatively chemically 
inert aluminum oxide. In a different vein, 
the chemical purity of an abrasive is often 
an indicator of crystal structure. 

Crystal Structure. There are basically 
three types of abrasive particle: monocry: 
talline, multicrystalline, and microcrystal- 
line. 

Monocrystalline grains contain a single 
crystal. They tend to be relatively durable, 
and they wear along crystal planes. 

Multicrystalline grains, usually made up 
of two to ten crystals, vary greatly with 
regard to durability and sharpness. These 
abrasives fracture along crystal boundaries 
(often catastrophically) and along crystal 
planes. 

Microcrystalline abrasives (which may 
contain crystals smaller than 1 p.m) tend to 
retain their sharpness during grinding, and 
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they fracture along crystal boundaries. In 
some applications, microcrystalline abra- 
sives may have more usable volume than 
mono- or multicrystalline grains before be- 
ing shed by the bond. 

Hardness. Figure 3 shows the relative 
hardness of various abrasives on the Knoop 
hardness scale. Hardness is an advantage; it 
is inefficient to abrade a material with an 
abrasive that is not significantly harder than 
the material. The ability of an abrasive 
wheel to grind a material is normally mea- 
sured by the G ratio (see the article ‘*Prin- 
ciples of Grinding" in this Volume), usually 
defined as the volume of metal removed per 
volume of wheel used. Under optimum con- 
ditions, superabrasive wheels, primarily be- 
cause of their hardness, will yield G ratios 
hundreds of times larger than those of con- 
ventional abrasive products. 

Durability. Durable grains tend to with- 
stand heavy grinding pressures without cat- 
astrophic wear. Under light grinding pres- 
sures, they tend to dull, drawing higher 
power and giving better surface finishes 
unless there is vibration due to lack of 
material penetration. 

Friability. Friable grains fracture to ex- 
pose new sharp cutting points and may do 
so a number of times before the bond sheds 
the grain (Fig. 4). Friable grains tend to 
remain sharp and tend to draw lower power, 
often giving rougher finishes because they 
do not dull as readily. Very friable grains 
may not be efficient at high power levels 
and heavy grinding pressures because of 
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7000  —— .——- Diamond 

4700 =| Cubicboron nitride 

2300 |. — Silicon carbide 

2100 |. Seeded gel aluminum oxide 
1950 | Fused aluminum oxide 
1700 — |. Zirconia alumina 

1400 ——]|—— Solgel aluminum oxide 





Fig. З Knoop hardness ratings of various abrasives 


premature wear. With regard to convention- 
al abrasives, friable grains are normally 
used on heat-sensitive and hardened steels 
to ensure material penetration at relatively 
low power and low frictional heat levels in 
precision grinding. 

Grain sharpness is a function of crystal 
structure and the inherent ability of a given 
particle to cut prior to wear. Grain sharp- 
ness can affect abrasives selection, particu- 
larly in such extremely low pressure appli- 
cations as honing or superfinishing, in 
which there may not be sufficient force to 
fracture the abrasive particle. 





Types of Conventional Abrasives 

The three prevalent types of conventional 
abrasives are aluminum oxide, silicon car- 
bide, and zirconia alumina. 

Aluminum Oxides. A number of alumi- 
num oxides have been developed for grind- 
ing applications. Aluminum oxides are di- 
vided into two initial subgroups: fused and 
unfused. 

Fused aluminum oxides are available in a 
variety of types. These abrasives are cate- 
gorized as dark, white, monocrystalline, 
and specialty abrasives. 

Dark aluminum oxides tend to be less 
pure, more durable, less friable, and multi- 
crystalline. They can also be mulled to a 
dull but even more durable shape. They are 
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Fracturing 
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Fig. 4 Abrasive wear in a grinding wheel due to attrition and fracture. (a) Attrition deteriorates abrasive grains 
IJe 4 by the loss of fine particles. This flattens and dulls the edges. (b) Fracture deteriorates abrasive grains by 
the breaking away of relatively large pieces of abrasive crystals from the wheel surface. 


ium- to high-pressure, 
ге operations on me- 


normally used in me 
relatively heat insen: 
dium-to-soft materials. 

White aluminum oxides are the most pure 
of the fused aluminas. They are multicrys- 
talline, very friable, not durable, and rela- 
tively sharp. They are used in heat-sensitive 
operations on hard, ferrous materials. 

Monocrystalline fused aluminum oxides 
tend to combine a level of durability and 
friability. This makes them efficient in me- 
dium-pressure heat-sensitive operations on 
a variety of ferrous material 

Specialty abrasives are variations of the 
above types. They can be blends of dark 
and white aluminum oxides, ceramic-coated 
dark alumina (which tends to increase its 
impact resistance), or chemically treated 
white aluminas (which tend to be less friable 
and more durable). 

The unfused aluminas (also known as 
ceramic aluminum oxides) are microcrystal- 
line abrasives that are sintered after green 
crushing. Therefore, they can be harder 
than fused aluminas that have been crushed 
after furnacing. 

A significant type of unfused aluminum 
oxide abrasive is seeded gel alumina abra- 
sive. Seeded gel is the purest of the alumi- 
num oxides and the hardest (~2150 HK). It 
is also durable, friable, and inherently 
sharp. 

Seeded gel is made by a ceramic process 
in which submicron particles are sintered to 
form microcrystalline abrasive grit parti- 
cles. A 60-grit particle of seeded gel con- 
tains billions of individual crystals. Seeded 
gel is purer, harder (because it is not 
crushed after sintering), and maintains its 
sharpness longer than fused aluminum ox- 
ide. 

Seeded gel vitrified grinding wheels were 
introduced in 1987 and were commercial- 
ized in 1988. They have demonstrated the 
greatest utility for difficult-to-grind materi- 
als in which tight tolerances and no metal- 
lurgical damage are specified. Typical opti- 
mized results are 3 to 5 times the life and 1.5 
to 2 times the cut rate of fused aluminum 
oxides. For the precision grinding of diffi- 
cult-to-grind steels and alloys, seeded gel 
will grind at higher pressures and infeeds 
than fused aluminum oxides, without met- 
allurgical damage and at significantly higher 
G ratios. 














Silicon carbide is manufactured in two 
purities: black or green. 

Black silicon carbide is less pure, more 
durable, and less friable than green silicon 
carbide. Both silicon carbides are harder 
and sharper than aluminum oxide, but are 
less impact resistant. Black silicon carbide 
tends to be efficient for grinding soft non- 
ferrous materials; in such applications, its 
inherent sharpness inhibits heat generation. 

Green silicon carbide is used for the 
precision grinding of materials that are 
hard, such as hard chromium (70 HRC), 
and/or materials that tend to fracture rather 
than form chips in the grinding process, 
such as ferrous carbides and other relatively 
soft ceramics. 

Zirconia aluminas are distinguished by 
their extremely high impact resistance. 
These alloyed abrasives are of two chemis- 
tries: a eutectic (~44% Zr,O) alloy and a 
25% Zr,O alloy. The eutectic alloy has 
some friability and is the sharper of the two 
zirconia aluminas. The 25% Zr alloy is the 
more durable and has a slightly higher im- 
pact resistance. The zirconia aluminas are 
normally used in high-pressure, high stock 
removal operations on ferrous materials and 
are normally not associated with precision 
grinding. 








Types of Superabrasives 

As previously noted, superabrasives con- 
sist of diamond and CBN. Diamond has a 
relatively low impact resistance and is 
therefore used for grinding such materials 
as carbides, glass. and ceramics that frac- 
ture rather than chip when ground. Cubic 
boron nitride has a high impact resistance 
and exhibits optimum results in the grinding 
of hard ferrous materials (>50 HRC). Su- 
perabrasives and their applications are dis- 
cussed in the article “Superabrasives’’ in 
this Section. 





Abrasive Wheel Bonds 


The properties of bonds that are impor- 
tant to the grinding process include the way 
in which the bond holds the abrasive, the 
rigidity and/or flexibility of the bond, the 
wear mechanism of the bond, and the inher- 
ent bursting strength or rotational strength 
of the bond under stress. (Grinding wheels 
should never be used at speeds higher than 
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Fig. 5 stondord wheel configurations for conventional abrasive grinding wheels 


the rated speed shown on the grinding 
wheel.) 

Conventional abrasive grinding wheels 
are held together by two types of bond: 
vitrified and organic. Organic bonds are 
further divided into resin bond (and its 
subgroup plastic bond), rubber, and shellac. 
In addition to vitrified and resin bonds, 
superabrasive wheels are available in metal 
and electroplated bonds. 


Conventional Abrasive 
Wheel Bonds 

Vitrified bonds are chemical bonds that 
alloy with the abrasive at the abrasive/bond 
interface. This rigid, glassy bond family is 
relatively inflexible and wears as a result of 
pressure fracturing the bond. As the abra- 
sive dulls and the power consumption need- 
ed to remove a chip increases, the bond 
fractures under the higher pressure. Be- 
cause of the rigidity of vitrified bonds, the 
abrasive tends to act sharper than in flexible 
bonds, causing easier chip formation but 
rougher surface finishes. Vitrified bonds do 
not have high impact resistance and should 
not be used in high-impact, heavy-pressure 
operations such as foundry snagging or steel 





conditioning. Vitrified wheels are typically 
used at 25 to 33 m/s (5000 to 6500 sfm) and 
can be run at more than 43 m/s (8500 sfm) 
only on specially designed machines and 
applications. 

Organic bonds are physical bonds that 
surround the grain to hold it in the wheel. 
They tend to break down as the abrasives 
dull and frictional heat increases. 

Resin bonds vary in rigidity from some of 
the more brittle phenolic or bakelite bonds to 
the more flexible epoxy or other plastic 
bonds. Resin bonds can be reinforced with 
fiberglass layers to increase the rigidity of the 
wheels. Some resin wheels can be operated at 
up to 81 m/s (16 000 sfm). Resin bonds are 
used in most rough grinding applications, 
including floorstand, portable snagging, weld 
grinding, and most cutoff applications. In 
precision grinding, resin bonds are used in 
three situations: where system flexibility 
would break down a vitrified wheel (such as 
steel mill roll grinding and most centerless-bar 
grinding applications), where wheel geometry 
dictates some flexibility (such as the spiral 
fluting of drills), and for generating fine and 
cosmetic finishes (for example, hypodermic 
needle grinding). 





Rubber bonds are the most flexible of the 
organic bonds. The use of rubber bonds is 
decreasing because of the development of 
resin bond technology, particularly plastic 
bonds. Rubber bonds have historically been 
used for polishing applications, wet cutoff 
operations, and centerless regulating or 
feed wheels. 

Shellac bonds are the most heat sensitive 
of the organic bonds. As such, they have 
historically been used for toolroom cutoff 
applications in which burn-free cuts were 
essential, for some heat-sensitive roll grind- 
ing applications, and for very fine grit pol- 
ishing operations in which geometry is not 
critical and stock removal is minimal. 


Superabrasive Wheel Bonds 


Although conventional abrasive grinding 
wheels are limited to vitrified and organic 
bonds, superabrasive grinding wheels can 
utilize metal and electroplated bonds in 
addition to vitrified and organic bonds. 

Metal bonds are used in superabrasive 
wheels primarily in ceramic and glass grind- 
ing operations, in which their tendency to 
wear by abrasion is an advantage. Metal 
bonds range from relatively soft bronze 
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Fig. 6 typical wheel configurations for superabrasive grinding wheels 


bonds to carbide bonds. In particular, they 
are used on materials that do not generate 
long chips in the grinding process. 

Electroplated supcrabrasive wheels con- 
sist of a single layer of abrasive plated to a 
metal preform. These wheels are used for 
cutting exotic materials (such as fiberglass), 
for form grinding in which machinery limi- 
tations do not allow regeneration of the 
form in the wheel, and for various applica- 
tions in which the inherent sharpness of 
electroplated wheels is the key to rapid 
stock removal. 





Porosity or the grain spacing in grinding 
wheels serves two major functions: coolant 
transfer and chip clearance. Heat transfer, 
chip removal, and lubricity are provided to 
varying degrees by coolants (including air) 
in a grinding operation (coolants are dis- 
cussed in the section "Grinding Fluids" in 
this article). The grinding wheel is a balance 
between having enough cutting points for 
the work required and providing enough 
porosity to ensure freeness of cut. 

In conventional abrasive wheels, low 
structure products (that is, those tight 
grain spacings) tend to be used in high- 
pressure applications such as rough grind- 
ing and cutoff. Medium structure products 
(typically 5 to 9) are used for the precision 
grinding of small areas of contact, such as 
centerless and cylindrical grinding. High 
structure numbers are used in operations in 
which the large area of contact dictates the 








need for chip clearance. High structure 
numbers also aid in carrying coolant into 
the cutting zone in such machining opera- 
tions as vertical-spindle rotary-table surface 
grinding or creep-feed grinding. 

In superabrasive wheels, grain spacing 
is less influential in wheel performance be- 
cause the abrasive, when properly exposed 
in the bond and when grinding the hard (or 
brittle in the case of glass) materials normal- 
ly ground with superabrasives, tends to cut 
a very small chip. The amount of super- 
abrasive grain (related directly to the grain 
spacing) usually determines the product life 
of the wheel, and higher concentrations 
tend to give better surface finishes. 


Abrasive Wheel 
Configurations 


Figure 5 shows the standard wheel con- 
figurations for conventional abrasive 
wheels. Figure 6 shows some of the wheel 
configurations for superabrasive wheels. 

It is essential when using abrasive wheels 
to apply the grinding forces in the direction 
of support. In other words, a type 1 conven- 
tional abrasive wheel should be used on the 
periphery, while a type 6 wheel would be 
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used on the top of the rim. Side grinding on 
straight wheels or grinding on the periphery 
of straight cup wheels is an unsafe practice 
and can lead to wheel breakage. 


Coated Abrasive 


Coated abrasive products, historically 
thought of as sandpaper, consist of an abra- 
sive whose grain spacing is tightly con- 
trolled, a bond, and a backing. Although a 
grinding wheel can be thought of as regen- 
erating itself to expose new cutting points 
during grinding, the coated abrasive prod- 
uct (like the electroplated superabrasive 
grinding wheel) has one layer of abrasive to 
do the work. Figure 7 shows a typical 
coated abrasive product construction. 








Coated Abrasive Composition 

Abrasives. Conventional abrasives are 
almost exclusively used for coated abrasive 
applications. With few exceptions, super- 
abrasives are not used in coated abrasives. 
In addition to aluminum oxide, silicon car- 
bide, and zirconia alumina, coated abra- 
sives are available in natural abrasives such 
as garnet, emery, flint, and crocus (iron 
oxide). However, natural abrasives are not 
normally used for metalworking and will not 
be discussed in this article. 

Bonds. As shown in Fig. 7, the bond ina 
coated abrasive product consists of two 
coats: the making coat and the sizing coat. 
The maker coat ensures the adherence of 
the grain to the backing in the proper orien- 
tation, while the size coat controls the ex- 
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Fig. 8 various grinding wheels and coated obrosive products used in industrial applications 


posure of the grain to the grinding opera- 
tion. A low size coat exposes more of the 
grain, thus making the product more aggres- 
sive, while a high size coat tends to inhibit 
the formation of large chips and generates 
better surface finishes on the ground part. 

Resin bonds predominate in metalwork- 
ing applications, but some hand operations 
and light finishing are done with products 
having a resin maker coat and a glue size 
coat. Glue bond is very heat sensitive and 
tends to give fine finishes while not gener- 
ating heat in finishing. Other bonds (such as 
vinyl acetate and varnish) are used on some 
specialty products, but these are atypical. 

Grain spacing in coated abrasive prod- 
ucts tends to be designated by either open 
coat (abrasives uniformly distributed over 
50 to 70% of the surface) or closed coat 
(abrasives completely covering the sur- 
face). An open coat product has significant- 
ly less abrasive and has widely spaced grains. 
Open coat products are primarily used in 
woodworking applications either where heat 
generation while sanding relatively soft 
woods or where pine pitch, or other similar 
substances that tend to load the belts before 
the abrasive wears out are a problem. Coated 
abrasive products for metalworking are al- 
most exclusively closed coat products. 

The backing can be considered the tool- 
holder in the coated abrasive product. The 
major properties that determine the selec- 
tion of the backing are as follows: 





* Backing strength versus backing cost 

* Backing rigidity or flexibility 

* Aggressiveness of cut versus ability to 
polish 





Wet or dry grinding 
he friction characteristics of the backing 





Backings are available in various weights, 
expressed as pounds per papermaker's 
ream. In general, the heavier the weight of 
the backing, the stronger and more expen- 
sive it is. In addition, the heavier the weight 
of the backing, the more rigid and less 
flexible it is. Heavy, rigid backings that can 
withstand high grinding pressures are used 
in coarse-grit rough grinding operations. 
Light, flexible backings that may be able to 
conform to intricate shapes are used in 
finishing, polishing. and blending applica- 
tions. 

The backing material and any surface 
treatment applied to the backing determine 
whether it can be used in water-soluble 
coolants. The roughness of the back of a 
backing and its material will determine 








А Cooted abrasive belts with cloth, film, or 
Fig. 9 paper backings 


whether it has enough friction to grind un- 
der heavy pressures without slippage or 
whether it generates too much friction and 
causes heat problems during grinding. 
There are four major types of backings: 
paper, cloth, fiber, and film. 

Paper backings are the lightest and have 
the least strength of all backing types. Paper 
backings are available in five weights: A 
(the lightest), C, D, E, and F (the heaviest). 
Paper is normally used in light-pressure 
applications. Unless specially treated, pa- 
per backings are not used with water-solu- 
ble coolants. 

Cloth backings range from J weights 
(which are light, flexible, and conformable) to 
the standard X weight, the heavier Y weight, 
and the superheavy H weight. Cloth backing 
materials range from cotton to synthetics 
(such as rayon) to polyesters. Resin bond 
polyester belts can be used in water-soluble 
coolants, while cotton and rayon belts are 
normally not used in such applications. 

Cloth backings have two architectures: 
woven and stitched. Woven cloth is manu- 
factured by interlacing yarns at 90" angles to 
each other in the traditional weaving pro- 
cess. Stitched cloth is made by a relatively 


Table 2 Relative rating of the four types of grinding fluids on the basis 


of their properties 








‘Grinding fluids 1 













T ptroleam-base 

and mineral-base Water- Synthetic —— Semisymthetic Water plus 
Fluid property cutting oils soluble oils fluids fluids. additives 
Cooling ... D B-C A B A 
Lubricity A B-C B-C B-C D 
Rust protection B-C B-C B-C A 
Cleanliness. = CD A B A 
Stability ... — CD A B-C с 
Tolerance to contamination CD A-B B-C € 
System life. - B.C A B-C с 
Health and safety CD C A-B B B 
Disposal HOEP BEC с AC B-C c 
Fire hazard .........- D A-B A A A 


Note: A, excellent: B, very good: C, good: D. poor. Source: Van Straaten Corporation 
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modern process in which the yarns are not 
interwoven but laid on each other at 90° 
angles and then stitched together so that the 
yarns remain flat and uncrimped (and are 
therefore stronger). A unique variation of 
cloth backings is a mesh or screen cloth, 
which is used primarily in wet low-pressure 
finishing operations. 

Fiber backings are made from multiple 
layers of impregnated paper and are very 
rigid and strong. They are normally used for 
dry, heavy-pressure applications. 

Film Backings. Film products backed 
with plastic film are normally used wet and 
are flexible and brittle; therefore, the abra- 
sive tends to cut freely without much heat. 
Film backings are normally used for polish- 
ing and blending operations under light 
pressures. 








Use of a type 27 reinforced resin bond 
abrasive wheel to grind welds 


Fig. 13 





MM 
Dry cutoff of a pipe using о reinforced 
resin bond wheel 


£4, LACAN 


Whe 








Flexing 

Once produced, coated abrasive products 
are flexed before being converted into fin- 
ished form. Flexing is a controlled breaking 
of the adhesive bond holding the abrasive to 
the backing. Light flexing is used to make a 
belt act aggressively but relatively uncon- 
formable. Multiple flexing increases the 
flexibility and conformability of the prod- 
uct, usually at the expense of product life. 


Coated Abrasive Applications 
Coated abrasive products are available in 
several forms: belts, disks, rolls, sheets, 





Use of a zirconia-alumina cloth abrasive 
disk to blend stainless steel seams with a 
portable grinding machine 


Fig. 14 





Use of a portable cutoff machine to dry 
cut а metal pipe 


Fig. 12 


and specialty products. Various abrasive 
products are shown in Fig. 8. 

Abrasive belts can be made from cloth, 
film, or E- or F-weight paper (Fig. 9). A 
length and a width of coated abrasive are 
joined together either by lapping the ends 
over and gluing them or by butting the ends 
and applying a patch to the nonabrasive side 
of the backing. Lap joints can be skived or 
ground on the abrasive side to ensure that 
the joint is no thicker than the rest of the 
belt. Skiving can weaken the belt at the joint 
and is normally done in finish-sensitive op- 
erations in which unskived joints leave 
marks on the ground part. Butt joints can be 
straight (usually at a 55^ angle with the side 
of the belt), or they can be scalloped to offer 
resistance to hinging or fatigue, particularly 
in form grinding applications. Some appli- 








Floorstand rough grinding of a casting 
using a zirconic-alumina resin bond wheel. 
Note the pressure bor used to increase the grinding rale. 


Fig. 15 
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Fig. 16 Ро"! view (9) ond side view (b) of a 
g. backstand grinder having coated abrasive 
belts for use in offhand rough grinding operations 


cations demand special joint manufacture in 
order to eliminate marking of parts by the 
joints or to inhibit joint failure caused by 
heat or the severity of the form to which the 
belt must conform or flex. Belt sizes are 
specified by width and length. 

Abrasive disks can be made from any of 
the backings. Fiber or heavy-cloth backed 
disks are usually mechanically held to the 
grinder backup pad by either a flanging 
arrangement or a built-in metal twist-on 
locking device. Cloth, paper, and film disks 
are normally glued to the backup pad, often 
by pressure-sensitive adhesive on the back 
of the disk. Disks are specified by diameter 
and hole size (or blank if no hole) and for 
special applications may be slotted or may 








Grinding Equipment and Processes / 437 


have a special contour (for example, an 
orthogonal shape). 

Roll and sheet products for metalwork- 
ing are often used in hand finishing and 
deburring operations and can be made from 
any backing. Roll goods, specified as width 
{usually in inches or millimeters) by length 
(usually in yards or meters) are torn or cut 
to the desired length and are used by hand 
or in holders. Sheet goods, specified by 
width and length, are used similarly. 

Specialty products, such as flap wheels 
and cartridge rolls, are used in a number of 
applications, most commonly on portable or 
bench-stand grinders. They are made from 
cloth products. 


Grinding Fluids 


Grinding fluids are introduced into grind- 
ing operations to: 


* Reduce and transfer heat during grinding 

* Lubricate during chip formation 

* Wash the grinding wheel or belt of loose 
chips and swarf 

* Chemically aid the grinding action or 
machine maintenance 


Grinding fluids or coolants are used almost 
exclusively in precision grinding applica- 
tions in which metallurgical damage in 
ground parts must be minimized. 

The heat transfer characteristics of wa- 
ter are well documented. The lubricity pro- 
vided by straight oil is practically dictated in 
high-conformity operations. Water-soluble 
coolants provide varying degrees of com- 
promise between these extremes. 

Lubricity is more important in high-con- 
formity operations with materials that gen- 
erate relatively large chips, such as Inconel 
and the bearing steels. Lubricity is less 
important in low-conformity operations or 
with materials such as the carbides that tend 
almost to powder when ground. 


















































Chip Removal. Chip size also dictates 
the nature of the swarf transfer characteris- 
tics of a coolant. Large chips may indicate 
that vigorous pressure is necessary to clean 
the wheel and that heavy coolant flow is 
necessary to carry the chips away. Small 
chips may mean that the coolant may need 
to have the ability to agglomerate chips to 
ensure that they can be removed from the 
system by filtering. 

Chemical Grinding Aids. Some coolants 
are chemically defined to aid in the grinding 
process. For example, specific coolants for 
grinding titanium combine chemically with 
the titanium chips to inhibit the exothermic 
oxidation of the chips during grinding, re- 
sulting in a minimum of metallurgical dam- 
age. 


Types of Grinding Fluids 
Grinding fluids can be classified into five 
categories: 


* Petroleum-base and mineral-base cutting 
oils 

* Water-soluble oils 

* Synthetic fluids 

* Semisynthetic fluids 

* Water plus additives, including rust in- 
hibitors, water treatments (for example, 
softeners), and defoaming agents 


The advantages and disadvantages of each 
type of grinding fluid must be considered for 
each material machined, the specific grind- 
ing method used, and the speed and feed of 
the abrasive grinding wheel. 
Petroleum-base or mineral-base cut- 
ting oils can be combined with polar ad- 
ditives and/or extreme-pressure (EP) ad- 
ditives, such as chlorine, sulfur, and 
phosphorus. These oils are used undiluted 
for very severe or specialized applications 
(for example, form grinding, gear grinding, 
and flute grinding). Danger from explosion 
or fires, poor cleanliness, and health con- 
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coated abrasive precision grinding machines 
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cerns generally limit applications to those 
operations in which water-dilutable fluids 
do not provide enough physical (fluid film 
or boundary) lubricity. 

Water-soluble oils consist of a suspen- 
sion of oil droplets in water. The oil-base 
| stock can also contain chlorine, sulfur, 
phosphorus, or fatty additives. These cool- 
ants incorporate additives that emulsify or 
| disperse the product when the concentrate 
is added to water. These emulsions have 
very wide applications in all types of metal 
grinding. 

The addition of polar additives and/or EP 
additives can produce emulsions of greater 
lubricating value. These solutions usually 
have a cloudy or hazy appearance. They 
provide a good combination of the cooling 
and lubricating properties required for high- 
er-speed, higher heat producing grinding 
situations. Other advantages of water-solu- 
ble coolants over oils include: 























* Higher heat removal and better cooling of 
the workpiece 

е Improved operator acceptance due to im- 
proved cleanliness 

* Reduced fire and health hazards 


| Water-soluble coolants can be used in most 

| light-, moderate-, and heavy-duty grinding 

| operations. Water-soluble coolants with EP 

| additives are replacing many oil severe 
grinding applications. 

Synthetic fluids are water-dilutable 
coolants that contain no oil. These prod- 
ucts are also called chemical solutions or 
ionic coolants. They usually contain syn- 
thetic lubricity and rust-preventive com- 
ponents and very effective preservative 
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Schematics illustrating the primary components of several types of coated abrasive precision grinding 
operations. (o) Sheet dimensioning. (b) Conveyor grinding. (c) Vertical-platen sanding. (d) Coil 


packages. The older synthetic technology 
was based оп nitrited components, but 
most of these products have been removed 
from the market because of their potential 
for forming the possibly carcinogenic ni- 
trosamines. Because they do not contain 
these materials, the newer synthetics offer 
à much safer alternative to oil-containing 
products. Other advantages of synthetic 
fluids include: 


@ Easy mixing because all product compo- 
nents are water soluble 

* Light or imperceptible residues that are 
easy to clean using the coolant itself or a 
mild alkaline cleaner 

* Easy coolant maintenance and concen- 
tration control, with very low additive 
requirements 

€ Excellent rancidity resistance and long 
system life 


Semisynthetic fluids are basically mix- 
tures of synthetic and soluble-oil product 
components. These products, sometimes 
referred to as microemulsions, include syn- 
thetic dispersions and some oil-accepting 
synthetics. 

Semisynthetic coolants usually contain a 
low percentage of oil (generally 5 to 30%). 
They are normally used in grinding applica- 
tions in which high heat removal and mod- 
erate lubricity are needed. Such operations 
range from general-purpose to heavy-duty 
classifications. Semisynthetic fluids are 
gaining acceptance because they incorpo- 
rate the positive qualities of synthetic and 
soluble-oil coolants. The advantages of 
these products include: 
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* Better heat dissipation than the soluble 
oils 

* Very good rust protection 

* Very good rancidity resistance 

ө Very good acceptance by both the ma- 
chine operators and maintenance person- 
nel 


Table 2 presents a generalized comparison 
of the characteristics of the grinding fluids 
and coolants. 

Fluid Cooling and Lubricity Properties 
of Oils and Synthetics. Petroleum-base 
and mineral-base cutting oils and water- 
soluble oils provide excellent boundary and 
fluid-film lubrication, and with added EP 
components, they can provide good che 
cal lubricity. The chemical lubricant addi- 
tives help to reduce the amount of heat 
generated in the grinding process. In con- 
trast to the oil products, synthetic and semi- 
synthetic fluids provide low boundary and 
fluid-film lubrication as well as very good 
chemical lubricity. 

Because of the recent advances in machine 
technology and synthetic coolant technology, 
many grinding operations are being converted 
to accept water-base synthetic and semisyn- 
thetic coolants. In most conversions from one 
type of fluid to another, it is recommended 
that the grinding wheels be reevaluated for 
the new lubricant. Finer and/or softer grind- 
ing wheels may be optimal when switching 
from oil or water-soluble oil coolants to com- 
pensate for the more aggressive grinding ac- 
tion of synthetic and semisynthetic fluids. 
These water-base fluids act more aggressively 
because they do not have a high degree of 
fluid-film and boundary lubrication; there- 
fore, they allow less slipping and plowing of 
the metal. Other considerations for grinding 
with a water-base fluid include the fluid-han- 
dling system and filter design as well as pos- 














sible waste treatment or disposal require- 
ments. Additional information on grinding 
fluids can be obtained in the article "Metal 
Cutting and Grinding Fluids" in this Volume. 


Disadvantages of 
Grinding Fluids 

The disadvantages of using grinding fluids 
include: 


* Loss of visibility 

* Rust 

* Flash point 

* Foaming 

* Bacterial growth 

* Chemical disposal 

* Effect of the coolant on the surrounding 
environment 


Loss of visibility has become less impor- 
lant as machinery has become more auto- 
mated and is often justified by removing 
from the environment the dust particles 
prevalent in dry grinding. Rust, foaming, 
and bacterial growth—problems normally 
associated with water-soluble coolants— 
can be controlled through additives and 
proper fluid maintenance. 

Flash point and the effect of the coolant 
on the surrounding environment—problems 
normally associated with oil coolants—have 
been addre: by manufacturers. Synthet- 
ic coolants have been developed that ap- 
proach the lubricity of oil with higher flash 
points and less tendency to pollute the local 
atmosphere. Machine manufacturers have 
also further enclosed grinding machines to 
address these problems. 

The chemical disposal of used coolant has 
become a significant problem. Coolant man- 
ufacturers have designed and are imple- 
menting coolant systems for which the need 
to dump coolant is minimized. 

Fluid maintenance is essential in any 
grinding fluid system. The removal of grind- 
ing swarf by filtering and other methods to 
ensure clean coolant at the grinding inter- 
face is necessary to reduce random scratch- 
ing of parts and premature wheel wear or 
the need to dress the face of the wheel to 
clean it. Controlling the pH of water-soluble 
coolants (normally between 7.5 and 9.0) 
helps control dermatological problems by 
inhibiting bacterial growth, lessens rust 
problems, and, in the case of organic grind- 
ing wheels, may enhance wheel life because 
they are adversely affected by high-pH 
coolants. Controlling the concentration of 
water-soluble coolants to ensure lubricity 
and proper viscosity is essential to process 
control, 





Optimum Grinding 
Fluid Parameters 

Itisalso important that coolant supply be 
at the grinding interface and at the proper 
volume, pressure, and temperature. Under- 
water grinding ensures maximum cooling, 
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Fig. 20 


but is seldom feasible. Coolant nozzle de- 
sign and placement is important to ensure 
maximum cooling and cleaning of the 
wheel. Pressurized nozzles are used to en- 
sure wheel cleaning and may be used to 
introduce the coolants to the wheel face at a 
velocity similar to the wheel surface speed 
to aid coolant transfer to the grinding inter- 
face (Fig. 10). Refrigeration or other means 
of temperature control of the coolant as a 
process control ensures constant viscosity 
and heat transfer characteristics as well as 
temperature stability of the grinding ma- 
chine and the accompanying assembly con- 
taining the fixture and workpiece. 


Grinding Machines 
and Processes 


The grinding of metals can be divided, 
with some overlap, into rough and precision 
grinding. Precision grinding is defined as 
grinding to exacting tolerances and finishes. 
Rough grinding is defined as dimensioning 
or removing excess metal. 

Some grinding operations are specific to 
the type of abrasive product used. Two 
examples are grinding wheels for cutoff and 
wide coated abrasive belts for sheet polish- 
ing. Other operations, such as centerless 
and weld grinding, may not be as clear cut 





Rotary diamond tools. Pictured are cups, thin rolls that traverse along the wheel face, and rolls that 
conform to the grinding wheel face. 


as to what abrasive option should be cho- 
sen. 

In rough grinding, in which high stock 
removal is important and parts tend not to 
be as sensitive to metallurgical damage, 
higher wheel speeds in the range of 45 to 63 
m/s (9000 to 12 500 sfm) are often used. In 
precision grinding, the power required to 
run at higher speeds tends to make burn- 
free grinding more difficult, and minimizing 
metallurgical damage is more important; 
therefore, speeds of 25 to 43 m/s (5000 to 
8500 sfm) are more prevalent. 

Most decisions on abrasive usage are to 
some extent a process of elimination. For 
rough grinding, coated abrasive belts and 
disks and conventional abrasive organic 
wheels are used with few exceptions. Coat- 
ed abrasive products are used only on ma- 
terials softer than 50 HRC. In heavy-pres- 
sure applications with high horsepower 
requirements, grinding wheels are generally 
used. In light-pressure operations on soft 
materials, coated abrasive belts or disks are 
much more prevalent. For precision grind- 
ing. coated abrasive products tend to be 
used on cosmetic rather than tight-tolerance 
applications. Superabrasive grinding wheels 
are used almost exclusively on very hard 
(x50 HRC) materials. In rough grinding, 
dry grinding is the accepted practice, with 
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can also be either reciprocating (c) or rotary (d). 


abrasive product caused by the pressure 
and heat involved in the grinding process. 
Power consumption is excessively high for 
removing workpiece material, with little re- 
gard for dimensional tolerances or slight 
metallurgical damage. 


Rough Grinding 

Rough grinding can be classified into four 
categories: cutoff, portable, floorstand/ 
swingframe, and steel conditioning. Al- 
though cutoff is exclusively a grinding 
wheel operation, coated abrasives are often 
used in portable grinding, floorstand (typi- 
cally referred to as offhand) and swingframe 
grinding, and steel conditioning (that is, the. 
preparation of steel billets by removing sur- 
face impurities prior to rolling or forming). 

Cutoff. Most cutoff operations are done 
on ferrous materials using aluminum oxide 
or zirconia-alumina resin bond reinforced or 
nonreinforced type | wheels. Reinforced 
wheels are used to withstand the incidental 
Side pressures caused by part movement 
during the grind. Typical grinding wheel 
specifications would be 20 to 36 grit in 
grades P through U. Figure 11 shows a 
typical cutoff application, while Fig. 12 
shows a portable cutoff machine. 

Portable grinding operations (listed 
from heavy to light stock removal) include 
snagging, weld grinding (Fig. 13), shaping, 
blending (Fig. 14), and polishing. Although 








Surface grinding operations that utilize either the periphery or face of t 
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snagging tends to be done with zirconia- 
alumina or aluminum oxide resin bond 
grinding wheels and polishing with alumi- 
num Oxide or zirconia-alumina-coated 
abrasive disks and specialties, there is a 
good deal of overlap based on material 
configuration and composition, total stock 
removal, and the need for cosmetic finish- 





es. 

Floorstand (Fig. 15) or offhand (Fig. 16) 
and swingframe operations tend to split 
upon the subsequent use of the ground part. 
If the part is subsequently polished (such as 
a hand tool, plumbing fixture, or turbine 
blade), it is usually offhand ground with a 
coated abrasive belt. If the part is subse- 
quently machined, ground, and so on, it is 
usually ground on a floorstand machine 
with a grinding wheel. 

Steel conditioning is done on high- 
speed, high-horsepower grinders typically 
using zirconia-alumina reinforced resin 
bond wheels (8 to 12 grit, W to Z grade) or 
on specialized coated abrasive belt ma- 
chines. 


Precision Grinding 

Precision grinding can be divided be- 
tween coated abrasive and grinding wheel 
operations, although there are areas of 
overlap. Coated abrasive precision grinding 
is generally on softer (50 HRC and softer 
and more commonly 45 HRC and softer) 





































































































| Use of the wheel face in double-disk 
Fig. 22 grinders to machine the surface while the 
workpieces, sandwiched between two abrasive disks (top 
опа side view of each setup is shown), traverse along a 
straight line or in on arcuate path. (a) Parts to be 
machined are pushed in and retracted by the drawer like 

ing slide. (b) Parts to be ground move. 
in an arcuate pat being transported in the nests of 
a rotating feed wheel. (c) Parts to be machined move 
diagonally while advancing along a rail. 





materials at light grinding pressures and 
where part tolerances are measured only to 
the closest 0.05 mm (0.002 in.) or looser. 
Coated Abrasive Precision Grinding. A 
i ion grind- 
ing operations are shown in Fig. 17 to 19. 
Abrasive machining, coil grinding, convey- 
or grinding, platen grinding, and sheet and 
plate dimensioning and polishing can be 
considered surface grinding operations (as 
discussed below), while centerless, cylin- 
drical, and roll grinding have grinding wheel 
equivalents. Coated abrasive belts are very 
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Table 3 Specifications for several typical surface grinders 











— Sue Main motor. Weight 

Type table spindle) Га " Taw "ECT » 
Reciprocating horizontal... 1. 205 x 635 8x25 41 55 22 4 840 
Reciprocating horizontal ............ 610 x 3050 24x 120 150 200 186 41000 
Fixed, horizontal ... 150 x 915 6 x 36 43 58 ee e 
Rotary horizontal . 610 24 15 20 55 12200 
Rotary vertical . 915 36 26 35 64 14 000 


Source: Ref 1 





sharp compared to grinding wheels; they 
maintain their cut rate through being re- 
placed when dull, and as a result they work 
well in applications where light grinding 
pressures are dictated by part configuration 
(such as the centerless grinding of thin-wall 
tubing or sheet polishing). Coated abrasive 
products are also commonly used on soft 
nonferrous materials, which tend to load 
and clog grinding wheels. 

Precision Grinding With Grinding 
Wheels. This precision grinding system 
consists of the grinding machine (and its 
inherent variables of rigidity, horsepower, 
ability to deliver and process coolant, 
throughput rates, ability to true and dress, 
and so on), the grinding wheel, the coolant, 
and the truing tool. This section will discuss 
the machines; because grinding wheels and 
coolants have been covered previously in 
this article, a discussion of truing and dress- 
ing is appropriate. 

In rough grinding, heat and pressure are 
used to maintain a somewhat steady-state 
grinding condition, but the tolerances and 
need for metallurgical integrity in precision 
grinding dictates a tighter control on the 
profile and sharpness of the wheel face. A 
dull wheel face generates a smoother finish, 
but can introduce unacceptable vibration 
and heat into the system. A sharp wheel 
face may remove material more quickly, but 
will not maintain tight finish and dimension- 
al requirements in the finished part. Preci- 
sion grinding wheels are commonly trued 
and dressed to regenerate or correct grind- 
ing performance. 

Truing is defined as regenerating the 
mensional integrity of the wheel, both in 
terms of roundness and profile. Dressing is 
defined as the regeneration of the desired 
cutting characteristics of the wheel. Truing 
and dressing are commonly combined into 
one operation for conventional abrasive 
grinding wheels, but are often two separate 
operations for superabrasive whe: 

Truing a wheel is important for miz- 
ing system vibration caused by lack of con- 
centricity and for ensuring that part geom- 
etries are maintained. Superabrasive 
grinding wheels trued to within 0.0013 mm 
(0.000050 in.) concentricity when first 
mounted can outlast (by a factor of five) 
similar wheels not carefully trued. 

Dressing a wheel prepares the wheel face 
for the grind. Vigorous dressing, which 
causes the abrasive particles to be exposed 





























more in the bond matrix, tends to create 
sharp, free-cutting wheels that may wear 
more quickly. Light, slow dressing that is 
relatively dull will give better surface finish- 
es and longer wheel life. 

Regeneration of Wheel Geometry. With 
conventional abrasive wheels, regenerating 
the wheel geometry is relatively easy with 
most truing tools; therefore, the wheels 
tend to be trued under conditions that gen- 
erate the desired dressed face. A sharp. 
dressed face is called an open face; a dulled 
face is called a closed face, When truing 
superabrasive wheels (which is typically 
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Fig. 24 Pendulum surface grinding (a) compared to creep-feed surface grinding (b), resulting in decreased 
g. air-cutting time (c). Air-cutting time in horizontal-spindle reciprocating-table grinding, with its many 





light passes over the workpiece, is 
a single poss. 


inated in creep-feed grinding because the full depth of cut is accomplished in 
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Fig. 25 Creep-feed grinders with boll-screw drives to ensure rigidity 


done in production grinding with diamond 
tools), the truing conditions tend to be set to 
minimize the damage to either the truing 
tool or the wheel because they are similar in 
hardness. The resulting light-pressure/in- 
feed conditions close up the faces of super- 
abrasive whecls, often to the point of opti- 
cal reflectivity. 

Dressing is required for creating chip 
clearance and porosity in the trued wheel. 
The dressing of superabrasive wheels is 
commonly done with soft conventional 
abrasive vitrified sticks, which relieve the 
bond without disturbing the superabrasive 
particles. 
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Partial are 1 
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There are four major types of truing tools: 


* Steel cutters 

* Conventional abrasive vitrified or boron 
carbide sticks or wheels 

* Steel or carbide crush rolls 

* Diamond tools 


Steel cutters are used to roughly true 
coarse-grit conventional abrasive wheels to 
ensure freeness of cut after truing. Vitrified 
and boron carbide sticks are used for the 
offhand truing of conventional abrasive 
wheels. Vitrified truing wheels, such as 
those used on a brake-controlled truing de- 
vice, are normally used for truing resin 





Depth of cut 





(bi 


bond superabrasive wheels. Crush rolls are 
used to crush true intricate forms into vitri- 
fied wheels, leaving a sharp, open-face 
wheel. 

Diamond tools are available as single- 
point tools, cluster or bar tools, multipoint 
nibs, dressing blocks, and rotary tools. Su- 
perabrasive wheels for production grinding 
are usually trued with rotary diamond tools. 
Diamond tools can be natural, synthetic, 
or polycrystalline diamond in a metal ma- 
trix, 

Single-point diamond tools consist of a 
single diamond in a holder. These are the 
oldest of the diamond tools and have been 
replaced by more efficient tools in many 
applications. Single-point tools are still used 
where imparting a truing pattern (such as a 
spiral on a lapping wheel) is beneficial or 
where constantly changing profiles make 
diamond rolls too costly. 

Cluster or bar tools are used on straight 
or mildly shaped wheel faces, particularly 
on wide wheels. Multipoint nibs are used 
for truing straight faces into wheels. Dia- 
mond dressing blocks are used almost ex- 
clusively for horizontal-spindle reciprocat- 
ing-table surface grinders to generate 
specific forms. 

Rotary diamond tools are available as 
cups, thin rolls that traverse along the wheel 
face, and rolls that conform to the face of 
the grinding wheel (Fig. 20). There are three 
types of manufacturing methods for rotary 
diamond tools. In the first method, sintered 
random set tools have the diamond set 
randomly on the preform and then held in by 
a sintered powder metal bond. In the second 
method, the diamond pattern is meticulously 
set by hand and similarly affixed. Lastly, 
reverse-plated tools are made by generating a 
negative of the preform, setting the diamonds 
on the negative, then plating the diamonds 
onto the positive preform. Hand set rolls are 
used for mild forms, random set rolls for more 
intricate forms and where accuracy is of 
prime importance, and reverse-plated rolls 
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Fig. 26 Schematics illustrating three types of creep-feed grinding. (a) Pseudo creep feed. (b) True creep feed. (c) Continuous-dress creep feed. See text for discussion. 
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for high-production, intricate form truing op- 
erations (for example, continuous-dress 
creep-feed grinding). 

With the exception of dressing blocks and 
most diamond rolls, diamond tools are tra- 
versed along the wheel face to generate the 
wheel profile (see the article "Thread 
Grinding" in this Volume). The distance the 
diamond tool travels per revolution of the 
grinding wheel is known as the dress lead. 
The effect of dress lead is further discussed 
in the article ‘Principles of Grinding" in 
this Volume. 


Surface Grinding 

The subsegments of surface grinding are 
defined by wheel type and fixture or table 
type. Common conventional abrasive wheel 
types are straight wheels, straight cup 
wheels, cylinder wheels, segments, and 
disk and lapping wheels. The parts can be 
held on rotary tables, reciprocating tables, 
conveyors (Fig. 21), or, in the case of disk 
and lapping wheels, between opposing 
wheels (Fig. 22). Table 3 lists typical spec- 
ifications for several types of surface grind- 
ers. Surface grinding is by definition a high- 
conformity grinding operation requiring 
relatively free cutting, open wheels to re- 
move material. 


ibi 
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27 Comparison of contact arc lengths in conventional surface grinding (a) and creep-feed surface grinding 
d (b 


Peripheral Surface Grinding. Horizon- 
tal-spindle reciprocating- or rotary-table 
machines typically use straight or recessed 
wheels. These machines can be used to 
grind either flat surfaces or intricate forms 
(Fig. 23). 

Creep-Feed Grinding. A significant sub- 
set of horizontal-spindle reciprocating-table 
grinding is creep-feed grinding. In conven- 
tional reciprocating-table grinding, many 
light passes are taken at rapid traverse rates 
(typically 0.025 to 0.05 mm, or 0.001 to 
0.002 in., deep at 1270 to 2540 mm/min, or 
50 to 100 in./min); in creep-feed grinding, 
full depth of cut is ground at slow traverse 
rates (typically 203 to 381 mm/min, or 8 to 
15 in./min). By reducing the time spent not 
grinding and by eliminating the multiple 
impacts of the wheel on the ends of the part, 
productivity is increased while wheel geom- 
etry is maintained longer (Fig. 24). Creep- 
feed machines are specially designed for 
rigidity, typically using ball screws rather 
than hydraulic table drives to ensure control 
of slow, heavy cuts (Fig. 25). 

There are three subtypes of creep-feed 
grinding (Fig. 26): 


* Pseudo creep feed, in which the full depth 
of cut is taken from a part that is thin in 
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Fig. 28 Cortinvous-dress creep-feed grinding system compensation. Compensation for grinding wheel wear 
g. through loss of diameter is accomplished by both grinding wheel and dressing wheel feeding toward 
workpiece (a) from initial positions (b) to maintain parallel cut on workpiece. 


the traverse direction, thus lowering the 
length of the contact arc 

* Conventional creep feed with a very long 
arc of contact (Fig. 27) and intermittent 
truing and dressing (between parts) 

* Continuous-dress creep-feed grinding, in 
which the diamond roll truing tool is in 
constant contact with the grinding wheel 
during the grind, infeeding typically 
0.00051 to 0.0013 mm/rev (0.000020 to 
0.000050 in./rev) of the wheel 


Continuous-dress creep-feed grinding is the 
ultimate in grinding from a dressed face 
because the steady state is dictated by the 
truing tool. In continuous-dress grinding, 
constant machine compensation through 
numerical control ensures control of the 
grinding process (Fig. 28). 

A British aerospace manufacturer in- 
creased productivity in the manufacture of 
turbine blades by replacing an automated 
seven-cell creep-feed grinding line with two 
creep-feed grinding centers. With a maxi- 
mum of six cells in use at any one time, one 
cell is left free in case of a breakdown. The 
cells were arranged in pairs, one on each 
side of a central conveyor, and each cell 
contained two creep-feed grinding ma- 
chines. Parts were transferred between the 
conveyor and the grinding machines by à 
robot in each cell. To facilitate handling and 
location, each turbine blade was encapsu- 
lated by casting a zinc alloy around its 
airfoil section. Automatic cleaning and in- 
spection are also included. Previously, 
blades were moved in batches from one 
grinding machine to another for successive 
operations. With this setup, an individual 
blade progressed through the grinding line 
from one operation to another. Typically, 
12 creep-feed grinding operations were per- 
formed on a single turbine blade. With the 
seven-cell line, each of these grinding oper- 
ations was performed on a separate grinding 
machine. 

A more recent development is that of the 
creep-feed grinding center, a single ma- 
chine, designed by a German machine tool 
manufacturer, on which a number of these 
operations can be performed. Only two of 
these grinding centers were required in or- 
der to perform all 12 operations, the break- 
down being seven on one machine, and five 
on the other. Understandably, the grinding 
center is much more complex than a con- 
ventional creep-feed grinder, as can be seen 
from the basic construction shown in Fig. 
29. The machine has five grinding wheels, 
three on the upper spindle and two on the 
lower, with automatic wheel changing. 
There are three diamond rollers to dress 
these wheels, and there is the capability for 
continuous dressing. The power of each of 
the two spindle-drive motors is 35 kW (47 
hp). There are ten roller-guided numerical 
control axes with resolutions of 1 рт (40 
pin.) and 0.0017. 
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Fig. 29 


automated seven-cell transfer line 


Creep-feed grinding is most effective in 
large stock removal form grinding opera- 
tions (Fig. 30 to 32), in which the impact of 
the form on the ends of the part during 
reciprocation degrade the form holding ca- 
pability of the wheel. Often, by grinding a 
form to full depth, greater part production 
rates are achieved by creep-feed grinding. 

Conventional abrasive creep-feed grind- 
ing wheels are typically very high structure 
or porosity vitrified wheels because of the 
long arc of contact and the need for coolant 
transfer and chip clearance. Superabrasive 
creep-feed wheels vary in composition, but 
electroplated CBN wheels are widely used 
for the form grinding of aerospace alloys 
because they are inherently sharp, open, 
and require no truing. 

Wheel Face Grinding. Vertical-spindle 
rotary-table, reciprocating-table, or con- 
veyor machines use cup and cylinder 
wheels and segments to grind flat surfaces. 
Because of the virtually flat-to-flat contact 
of wheel to work, these machines require 
free-cutting, open wheels. Segments are 
used to ensure additional chip clearance and 
coolant transfer. 

Disk grinding wheels and their fine-grit 
counterparts, lapping wheels, are defined as 


Upper wheel-head dresser 


Rotary indexing 


table (to be 
5 j^ 
t sy 
` / 
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mounted оп 
grinding table) 


Schematic showing the primary components (and their range of motion) of а creep-feed grinding 
machine center, two of which in tandem can perform all 12 grinding operations previously requiring an 


plate-mounted or inserted-nut wheels that are 
bolted onto the machine back plate (Fig. 22). 
Opposed-wheel disk grinders and conveyor 
machines are the exceptions to grinding as a 
batch process. Because of the even larger 
flatto-flat contact that may exist in disk 
grinding compared to normal wheel face 
grinding, perforations or slots can be manu- 
factured into the wheel for coolant transfer or 
chip clearance. For fine-grit lapping wheels, 
which are typically used in high-lubricity 
coolants, chip clearance is often dressed into 
a conventional abrasive (often silicon carbide 
for sharpness) vitrified wheel with a large 
single-point diamond tool, which dresses in a 
spiral pattern in the wheel. 


Cylindrical Grinding 

Cylindrical grinding (Fig. 33) is defined as 
the grinding of round parts between centers. 
Cylindrical grinding is performed either by 
traversing the surface to be ground or by 
plunge grinding. Figure 34 shows cight 
workholding methods and devices utilized 
in cylindrical grinding. 

Roll grinding is a specific case of cylin- 
drical grinding in which machines with 
swing diameters in excess of 508 mm (20 in.) 
are used to grind large workpieces (up to 1.8 








Applying creep-feed grinding methods to 
а form grinding operation requiring large 


Fig. 30 


stock removol 


Creep-feed grinding methods used to form 
grind a workpiece 


Fig. 31 


m, or 6 ft, diameter and 9 m, or 30 ft, long). 
Other subsets of cylindrical grinding include 
crankshaft grinding, thread and slot grind- 
ing (see the article “Thread Grinding" in 
this Volume), camshaft grinding (which, 
because of the nature of the cam shape, 
emulates both cylindrical and surface grind- 
ing at different parts of the lobe), and angu- 
lar-approach grinding. 

Crankshaft or crank-pin grinders re- 
semble cylindrical center-type grinders, but 





Fig. 32 


Fig. 33 
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Pseudo creep-feed grinding application. In true creep-feed operations, properly applied coolant would 
obscure the entire grinding interface. 





Cylindrical grinding of a bor between two lathe centers. Coolant flow was reduced to aid photo 
focusing 








are implemented to grind the offset pins in 
the throws of crankshafts (Fig. 35). 

Cam and camshaft grinders are essen- 
tially modifications of center-type cylindri- 
cal grinders to finish various forms of round 
cams, camshafts, and pistons. The head- 
stock and footstock may be on a cradle and 
rock to and from the grinding wheel in 
response to a master cam that rotates in 
unison with the workpiece. Newer ma- 
chines use numerical control to generate 
cam shapes. 

A universal cylindrical center-type 
grinder has all the units and movements of 
a plain grinder (which incorporates dead 
centers and rotates the workpiece using a 
dog or driver on the faceplate), but in addi- 
tion: 


ө Its headstock spindle can be used alive or 
dead (rotated or not) so that work can be 
held and revolved by a chuck as well as 
between centers. 

* [ts headstock can be swiveled in a hori- 

zontal plane so that any angle, even a flat 

plane, can be ground on a workpiece 
chucked on the headstock spindle 

Its wheel head and slide can be swiveled 

and traversed at any angle in the manner 

indicated in Fig. 36 so that any taper can 
be ground on work between centers 


Also, most universal grinders can be ar- 
ranged for internal grinding by the addition 
of an auxiliary wheel head to revolve small 
wheels at high speeds. 

Universal grinders can grind surfaces such 
as steep tapers and holes not accommodated 
on plain grinders, but they sacrifice rigidity, 
power, and rapid output because of their 
flexibility. They are found in toolrooms and 
jobbing shops and sometimes on production 
jobs for shapes that are difficult to grind on 
plane grinders. Table 4 lists several types of 
cylindrical grinding machines, their uses, and 
machine specifications. 

Angular-approach grinding can be car- 
ried out on universal-type cylindrical 
grinding machines, which permit swiveling 
the wheel head and operating the infeed in 
the direction of that swivel setting (Fig. 
37). In low-volume production on univer- 
sal-type grinding machines, angular- 
approach grinding can also be combined 
with hand-actuated table traverse, thus 
increasing the length of the cylindrical 
work section ground in the operation with- 
out being limited by the width of the 
grinding wheel. 

For production-type grinding, special an- 
gular, plain grinding machines are available, 
commonly built with wheel-head angles at 
30°. These machines are designed specifi- 
cally for plunge grinding, and the table 
movement by hand wheel only serves the 
purpose of machine setup. By offering the 
use of relatively wide wheels, the produc- 
tion-type angular grinding machines permit 
the machining of rather long cylindrical 
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(b) Three- or four-jaw chucks 
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Fig. 34 Workholding methods and devices utilized in cylindrical grinding. Chuck for supplementary support (c) 
9. includes tailstock center such as bull nose type for bores, back centers for parts susceptible to deflection, 
and center rest to leave the other end free for face or external grinding. Fixtures (f) ore for parts of unusual 
configuration or those having nonidentical axes for the part or the section being ground, such as crankpin sections of 
cronkshafts. Mandrels (g) are for parts with through bores. Magnetic plates or chucks (h) are usually used for 


short-length parts. 


sections together with the adjoining flanges 
and, when needed, the fillet areas. 

Aside from the process advantages result- 
ing from the geometric conditions associat- 
ed with an angular-wheel approach, certain 
beneficial effects on the quality of the grind- 
ing should also be considered. 

First, the mutual perpendicularity of the 
ground surfaces is inherent in the shape of 
the trued wheel faces. This perpendicularity 
is not dependent on the positional variables 
to which operations requiring more than a 
single loading of the work are exposed. 

Second, the wheel contact on the flat 
shoulder surface is limited to a narrow area, 
acondition often referred to as line contact. 
A narrow wheel contact on a flat work 
surface generally permits a more effective 
stock removal, without damaging the work 
surface, than does grinding with the face of 
the wheel. 

Lastly, the contact of the wheel rotating 
around an axis inclined to both work sur- 
faces produces an arcuate surface pattern 
combined with some wiping action. This 
produces a better surface finish value and a 
surface lay that can have a beneficial effect 
on lubricant retention in the service of the 
ground part. 

Cylindrical grinding parameters include 
relative work-to-wheel-speed ratios, truing 
tool and method, infeed and/or traverse 
rate, horsepower, and the output variables 
(for example, taper, finish, and so on) re- 
quired. The arc of contact in cylindrical 
grinding depends on the relative diameter of 
the wheel to the work, but is typically very 
small, almost а line contact. As a result, 
unit grinding pressures tend to be higher, 
requiring more durable wheels. Conven- 
tional abrasive cylindrical wheels are typi- 
cally three to four grades harder than simi- 
larly sized surface grinding wheels because 
the bond needs to hold the grain more 
securely. Similarly, higher-concentration 
superabrasive wheels can be used because 
they are more durable. 





Centerless Grinding 

Centerless grinding (Fig. 38) is the grind- 
ing of the outside diameters of round parts 
but not between centers. In centerless 
grinding, the part is supported by the work 
support blade, rotated by means of a regu- 
lating or feed wheel, and ground by the 
grinding wheel. 

The advantages of centerless grinding 
over cylindrical include the grinding of long, 
thin parts without having to use steady rests 
for support, lessened taper problems, and 
higher productivity (Fig. 39). The disadvan- 
tages of centerless grinding are that it does 
not grind concentric with centers, short 
larger-diameter parts are difficult to control 
in the process, and it may not improve part 
perpendicularity. 

The types of centerless grinding include 
throughfeed or traverse grinding, infeed 
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i Universal center-type grinder equipped 
Fig. 36 io grinding a steep toper 


grinding (which is traverse grinding to a 
stop and then ejecting, endfeed grinding 
(used only on workpieces of tapered shape), 
or a combination of infeed and throughfeed 
grinding (Fig. 40). Plunge cuts can often be 
made over the entire length of the work- 
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Fig. 37 Application of ongular-approach cylindrical grinding in automotive component production. (o) Geor held in c headstock swiveled ot 25° to grind a taper section 
9. and ће gear face. (b) Steering knuckle held between centers to grind three cylindrical sections, a shoulder, ond a connecting fillet. (c) Universal joint spider ground 
оп the shoulder, a cylindrical section, chamfer, and face. (d) Differential bevel gear secured in a quick-octing expanding collet to grind two adjacent and mutually perpendicular 
surfaces. (е) Geor shaft ground on two cylindrical sections, two shoulders, a chamfer, ond a fillet. (f) Gear with integral shank ground on two cylindrical sections and the shoulder 
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FORE туй capacity data and characteristic dimensions — — SS 
Grinding wheel 
p Work owing— between centers diameter x width  ү— Wheel drive — — Net weight | 
Designation Applications mm in, mm in, mm in. kw hp kg b 
Instrument-type Very small cylindrical or 100 4 125 5 15x13 Sx Ye Yo 540 1200 
cylindrical tapered parts for 
grinding machine instruments, and so 
оп, requiring very 
close tolerances; 
flexibility of adaptation 
for diverse 
configurations 
Precision-type Small and medium-size 100-25 45 255-455 — 10-18 255x25 10х1 — 075 1 725 1600 
production parts ground with high 
grinding machine accuracy to be 
manufactured in large 
or intermediate lots 
Universal tool ‘Tools and fixture 255-355 10-04 510-1220 20-48 255-355 10-14 1537 11-58 2300-4500 5000-10 000 
grinding machine elements often utilizing 13-50 v2 
adjustment flexibility 
and optional 
accessories (for 
example, internal 
grinding spindles) 
Plain cylindrical — Mostly cylindrical or 255-455 10-18 455-1830 18-72 — 610-915 — 24-36 56-19 70-25 3200-8200 7000-18 000 
grinding machine — slenderly tapered 100-205 4+8 
regular features оп 
parts with defined axes 
of rotation 
Heavy-duty plain Work of large dimensions 455-610 18-24 1220-6100 48-240 760 30 19-30 25-40 13 500-27 00 30000-60 000 
cylindrical and heavy weight, 205-305 8-12 
grinding machine often ground with very 
high stock removal 
rates 
Plunge-type For grinding cylindrical 255-760 10-30 610-2030 24-80 — 355-610 14-24 7-22 1030 6800-27000 15 000-60 000 
cylindrical or profiled round 50-150 26 
production sections on generally 
grinders short parts, also those 
having several coaxial 
features in different 
planes and diameters 
Roll grinding For large-size rolls such 3050-6600 120-260 915 36 30-60 40-80 68 000-91 000 150 000-200 000 
machines as are used in rolling 100 4 
mills; also for calender 
rolls in the paper and 
cloth industries 
d-purpose Typical examples are 205-610 8-24 610-1830 — 24-72 510-915 20-56 19-30 2540 11500-18000 25 000-40 000 
cylindrical crankshaft (pin) 50-100 24 
grinding grinders and camshaft 
machines grinders; characteristic 
dimensions are based 
‘on these types 
Source: Ref 2 
Grinding Workpiece Grinding wiveel the grinding wheel does not drive the part 
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Fig. 38 8с elements of the centerless grinding operation showing the workpiece located between the gri 
g. wheel and the feed wheel (a) and the inclination angle (8) of the regulating or feed wheel (b) 
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piece. Grinding wheel selection for center- 
less grinding is similar to that for cylindrical 
grinding except that wide wheels may be a 
grade softer in conventional abrasive 


wheels and may be of lower concentrations 
in superabrasive wheels. 

Regulating or feed wheels drive the part 
rotation and provide a braking action so that 


(at its typically 60 times faster surface 
speed). Feed wheels need to conform to 
part geometry and have traditionally been 
aluminum oxide rubber bond wheels for 
most applications. Table 5 lists specifica- 
tions for several types of centerless grinding 
machines grouped according to work size 
capacity. 


Internal Grinding 

Internal grinding (Fig. 41) is grinding the 
inside diameter or bore of a part. Typically, 
conventional abrasive vitrified wheels or su- 
perabrasive wheels in all bonds are used to 
traverse or plunge grind the bore diameters. 

Internal grinding machines are of two 
types: chucking and centerless. 

Chucking-type internal grinders hold 
the workpiece on a faceplate or in a chuck 
or fixture and rotate it around the axis of the 
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Fig. 39 High-production plunge centerless grinding operation 


hole ground, as shown in Fig. 42(a). The 
revolving grinding wheel is reciprocated 
lengthwise through the hole and is fed 
crosswise on a slide to engage the work- 
piece. The work head, and sometimes the 
wheel head, can be swiveled to adjust for 
straight and tapered holes and faces. 

A planetary internal grinder is designed 
for parts that are too large or unwieldy to be 
rotated conveniently. The workpiece is not 
revolved, Instead, the grinding wheel is 
orbited around the axis of the hole being 
ground (Fig. 42b). 

Centerless internal grinders grind the 
bore of a round workpiece concentric with 
the outside surface. Straight, tapered, con- 
tinuous, interrupted, open-end, and blind 
holes and grooves are ground on center- 
less internal grinders. The wall thickness 
of a finished piece is quite uniform. The 
manner of holding the work lends itself 
well to automatic unloading and loading of 
pieces. 

Roll-Type Internal Centerless Grinders. 
The workpiece is held and revolved amid 
three rolls in a roll-type centerless internal 
grinder, as shown in Fig. 43(a). The large 
roll is the driver; the rolls provide rigid 
support for the workpiece. 

Shoe-Type Internal Centerless Grinders. 
On the shoe-type centerless grinder, the 
workpiece is revolved against two fixed and 
hard shoes by the action of the grinding 
wheel and a rotating end backing plate (Fig. 
43b). The shoes contact more area than rolls 
and bridge irregularities and produce better 








average concentricity between the hole and 
the outside. 

Special Internal Grinding Operations. 
Subsets of internal grinding include internal 
bearing-race grinding, internal thread grind- 
ing, and jig grinding (most commonly of 
dies). Internal grinding with conventional 
wheels can be done with wheel types | and 
5 (typically for grinding blind holes) or with 
type 54 mounted wheels. 

Conventional abrasive internal wheels 
tend to be slightly softer than cylindrical 
wheels because of the higher conformity of 
internal grinding. In superabrasive prod- 
ucts, high concentrations are used to ensure 
maximum wheel life. 

As in cylindrical grinding, the machine 
parameters for internal grinding include 
horsepower, truing tool/method, wheel-to- 
work rotational speed, infeed and/or tra- 
verse rates, and the output variables. Table 
6 lists specifications and applications for the 
basic types of internal grinding machines. 


Tool Grinding 

Tool grinding is divided into two sub- 
groups: production tool manufacturing and 
tool resharpening. 

Production tool manufacturing opera- 
tions include fluting, thread grinding, clear- 
ing, pointing, gashing, squaring, point split- 
ting, insert grinding, and formed wheel 
cutoff. These operations tend to be specific 
to tool manufacturers and will not be dis- 
cussed here. 
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i Four basic types of centerless grinding 
Fig. 40 erations. (2) Throvghfeed. (b) Infeed. 
(©) Endfeed. (d) Combination infeed/throughfeed. An 
inclined regulating wheel (always used for throughfeed as 
well as endfeed grinding ond in some cases for infeed 
grinding) imparts a light axial force to the workpiece in 
all four cases. 





Fig. 41 internal grinding of a workpiece 
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Table 5 Typical dimensions of major categories of centerless grinding machines 
Grouped according 1o worksize capacity. The listed volues express orders of magnitude only and do net represent the dimensional data of porticular models. 
















Through Speed 
Nominal feed range of 
infeed work capacity for Grinding wheel Regulating wheel regulating Grinding wheel 
capacity solid ars diameter x width (max) diameter X width (max) wheel, drive power Approximate machine weight 
Machine category mm in, mm in, mm in. mm in. revimin kw hp ke b 
Light, for small 
workpieces eese. В DA 25 d 305x75 2x3 19x75 6x3 30-480 эл 5 1000 200 
General purpose. з 3 Æ I% 510x205 20x8 305x205 12x8 15-300 и 15 3500 7100 
Production Туре ......... 150 6 100 4 510х305 20x12 355 х 305 14х10 10-300 19 25 7000 15 400 
Heavy duty... XS N 205 8 — 610x305 24x12 45x35 16х12 0-120 30-75 40-100 9100-12000 20 000-26 000 
Limited-purpose 
wide wheel ........... 255 0 SIOx 610. 20x24 355х60 14x24 0-150 55 75 10 000 22000 
Source: Ref 2 
Swiveling 
work head 
( ANN Planetary 
ү" 
/ 
Infeed = infeed 
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Fig. 42 Фет ilustroting key components and their movement in у пуре internal grinding machines (a). Two basie categories of chucking-lype internal grinders 
9. аге plain internal grinders (b) ond planetory-type internal grinders (с). 
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wheels are used on high-speed tool steel, 
and diamond resin or silicon carbide vitri- 
fied wheels are used on carbide. 
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iab un ™ Regul Single-point tool grinding, generally done 
i offhand, utilizes diamond vitrified or elec- 
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1 Two types of internal centerless grinding 
Fig. 43 machines. (о) Roll-type centerless. (b) 
Shoe-type centerless 


Tool resharpening includes hob grinding, 
drill grinding, tap grinding, saw sharpening 
(Fig. 44), grinding other multitooth rotary 
tools (for example, end mills and reamers), 


? = 





ing techniques to 


Fig. 44 таа 


and grinding single-point tools. Hob, tap, 
and drill grinding are typically done on 
specialized equipment. High-speed tool 
steel parts are ground with CBN resin or 
electroplated bond products or aluminum 
oxide vitrified wheels. Carbide parts are 
typically ground with diamond resin or elec- 
troplated wheels. When grinding other mul- 
titooth rotary cutters (which is typically 
done on universal tool-and-cutter grinders), 
CBN resin or aluminum oxide vitrified 





troplated wheels or silicon carbide vitrified 
wheels on carbide or CBN electroplated or 
aluminum oxide vitrified wheels on high- 
speed tool steel. Among the special grinding 
machines used in tool applications are pro- 
file grinders and monoset cutter and tool 
grinders. 

Profile (contour) grinders can reproduce 
a template form on a flat or round cutter. 
Some can grind metal surfaces to conform 
to outlines drawn on paper. An optical 
profile grinder is one on which a view of 
the zone of contact between wheel and 
workpiece is highly magnified (10, 20, or 
50 times, for example) and cast on a 
screen. The form produced by the wheel 
can be seen as it is ground and can be 
compared to a large-scale drawing on the 
screen of the form desired. Machine move- 
ments can be simultaneously controlled by 
the operator. 

Monoset Grinders. A type of tool grinder 
that is adaptable to a large variety of tools, 
but particularly to spiral tools, is the 
monoset cutter and tool grinder. The work 
head spindle can be indexed and synchro- 
nized with the table movement to grind 
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Table 6 Basic types, applications, and specifications of internal grinding machines 





Category 


Applications. 








‘Range of capacities of different models within the category 


Maximum hole length 





Miniature part internal 
grinder 


Small work-type 
internal grinder 


Medium-size internal 
grinder 


Universal internal 
grinding machine 


Production-type 
internal grinding 
machine 


Large internal grinding 
machine 


Extralarge internal 
grinding machine 


Planetary-type internal 
grinding machine 


Source: Ref 2 


Specially designed and equipped 
internal grinders for very small 
and miniature parts, with hole 
diameters starting at about | mm. 
(0.04 in.). Some models are built 
аз universal machines with 
versatile adaptations, Miniature 
part internal grinders are also 
built as centerless grinding 
machines, specially developed 
for very small ball bearing rings. 

Designed for grinding primarily 
limited size lots of small parts 
within the capacity range, with 
emphasis on easy setup; operated 
either entirely manually or in 
semiautomatic cycle with hand 
loading of the work 


Medium-size general-purpose 
internal grinding machines are 
available either in the plain or 
the more versatile toolroom type 
with different bed lengths; some 
are also designed to grind long 
bores 

Offer the capacity and versatility 
needed in general toolroom work 
and in fixture and machine 
building. At the same time, these 
machines must satisfy severe 
accuracy requirements and are 
occasionally used for grinding 
external round and flat surfaces. 


Fully automatic operation is one of 
the essential criteria of machines 
classified as production type: 
that requirement also acts as 
limiting factor regarding 
maximum workpiece size and 
configuration. Many of the 
models in this category operate 
as centerless internal grinders 
with roll or shoe support. 


Large internal grinding machines 
have the common characteristic. 
of accepting heavy workpieces 
and are capable of grinding holes 
comparable to the outside 
diameter dimension of that work. 
А wide range of differences 
exist, however, between various 
models with respect to the 
maximum work length, resulting 
from the overall design length of 
the machines, 


Machines referred to in this 
category are often custom 
designed for accommodating 
specific groups of very large and 
heavy workpieces. Such 
components usually have very 
deep bores requiring extended 
bridge-type machine construction 
and extralong table travels. 

Planetary internal grinders are used 
for parts that are too large to be 
rotated and/or the hole(s) to be 
ground are far out-of-center. For 
the acceptable workpiece size, 
the mounting surface of the 
worktable, the center height of 
the wheel spindle. and the 
cross-slide adjustment are the 
main controlling factors. 























_— 
mm in. 
100 4 
150-255 6-10 
405-610 16-24 
610-760 24-30 
100-305 412 
815-915 32-36 
2030 80 


Not a characteristic 
dimension 


Maximum 
hole diameter 
mm in. 

15.2 0.600 
50-100 24 
255-355 — 10-14 
455-840 — 18-24 
50-75 23 
510-610 20-24 
610 24 





3-14 


25 


50-100 


255-355 


305-455 


50-205 


510-1270 





1780 


380-760 


1 


10-14 


20-50 


60-70 


Machine weight 

ма tb 

0.55 1 200 
1827 4000-6 000 
36-41 8 000-9 000 
2744 6 000-9 000 
4.5-8.2 10000-18 000 
9.1-18 20 000-40 000 

s4 120 000 
4.5-14 10000-30000 
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helices. The major units are fully adjust- 
able to enable much work to be done in 
one setting that would otherwise require 
several setups. 
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Superabrasives 
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SUPERABRASIVES collectively refer Table 1 Typical properties of abrasives 
to the diamond and cubic boron nitride = 
abrasives used in grinding applications. Di- r Sperre: —À 1 
amond is the hardest material known, and f Cubic boron. prer Silicon 




















cubic boron nitride is the second hardest. Jnd im sie bid 
Because of their high hardness, abrasion Chemical composition ... Carbon BN ALO, SiC 
resistance, and other unique properties, Density. g/em’............ 3.52 3.48 3.92 3.21 
s ials "t Ка Knoop hardness, HK (GPa) . 60-110 40-70 21 M 
these materials find extensive use іп а wide роте thermal conductivity... 100-350. 35-120 1 10 





variety of abrasive (see the articles "Lap- ^ Coefficient of thermal expansion, x 10-5 
ping" and "Honing" in this Section) or NUM: mo 48 5.6 8.6 45 
i i i s rà i rest temperature for radation 

ms pele came peal T S Че ret (ambient conditions), "C PP) ---.-... 800 (1470) 1400 (2550) 1750 (3180) 1500 (2730) 
precision machining of electronic ceramics. 
Additional applications for diamond and 
cubic boron nitride are discussed in the erties of superabrasives with aluminum ox- diamond was in truing tools for shaping 
article ""Ultrahard Tool Materials" in this ide and silicon carbide abrasives. conventional abrasives such as aluminum 
Volume. Diamond is an allotropic form of carbon oxide. The synthesis of diamond on a labo- 

Figure | shows the hardness of abrasives having a cubic crystal structure (Fig. 2). ratory scale and on a reproducible basis was 
typically used in grinding operations along Diamond has been used for engraving tools demonstrated by the General Electric Com- 
with a few work materials. Aluminum oxide апд for polishing long before the 20th cen- pany in the 1950s. The invention of the 
and silicon carbide abrasives are about one- tury. An early industrial use of natural synthetic diamond caused the rapid growth 
half the hardness of cubic boron nitride and 
about one-third the hardness of diamond. 
The hardness values shown in Fig. | are 
typical and do not represent the full range of 
hardnesses obtainable for each material. 
For example, hardness values as high as 
11 000 HK have been reported for natural 
diamond. Table | compares selected prop- 
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of diamond in a wide variety of abrasive 
applications. In addition to its high hard- 
ness, diamond is an excellent heat conduc- 
tor and has an extremely low coefficient of 
friction. However, at temperatures above 
800 °C (1475 °F), diamond tends to graphi- 
tize (Fig. 2c), that is, convert back to disor- 
dered carbon. Thus, it loses its value as a 
wear-resistant abrasive. Diamond suffers 
rapid wear and chemical dissolution (ero- 
sion) when abraded against iron. Therefore, 
it is not used as an abrasive against ferrous 
material except in special machining opera- 
tions such as honing. 

The shape, size, and distribution of the 
diamond particles or abrasive grains are 
strictly controlled to achieve desirable per- 
formance characteristics. Figures 3(a), (b), 
and (c) show strong and blocky diamond 
grains, intermediate-strength grains, and 
weak and friable grains, respectively. The 
impact of the abrasive grain also changes 
with the particle size or mesh as shown 
in Fig. 4. Very small quantities (parts per 
llion) of such impurities such as nitrogen, 
iron, and boron in diamond contribute to 
the color, strength, and other property vari- 
ations in diamond abrasives. 

Cubic boron nitride (CBN) is the second 
member of the superabrasives family. It is 
also cubic in structure (Fig. 2b). In its hexag- 
onal close-packed structure, hexagonal boron 
nitride is similar to graphite and is used as a 




















(5) 


solid lubricant (Fig. 2d). Borazon, the Gener- 
al Electric trade name for CBN, was first 
synthesized in 1959. Unlike diamond, CBN is 
not very reactive with iron and therefore is 
highly wear resistant in grinding ferrous ma- 
terials. Cubic boron nitride is effectively used 
in the precision grinding of a wide range of 
ferrous alloys and high-nickel alloys. The 
application principles of CBN are in most 
cases subtle modifications of the application 
principles of such conventional abrasives as 
aluminum oxide. The industry eventually be- 
gan to appreciate these differences, and the 
effective use of CBN abrasives has been 
growing steadily in the late 1970s and 
throughout the 1980s. 

Cubic boron nitride is not a naturally 
occurring substance; it is formed by syn- 
thetic processes. As with diamond grains, 
the shape, size, and characteristics of the 
CBN grains are modified to achieve varia- 
tions in strength and performance (Fig. 5). 
Cubic boron nitride is much more stable 
than diamond at elevated temperatures and 
in oxidizing atmospheres. Figure 6 shows 
typical variations in CBN grit morphology 
and their effects on fracture resistance or 
friability. 


Superabrasive Applications 


Table 2 lists the wide range of applica- 
tions for diamond and CBN abrasives. The 


(с) 


e 3 Typical shapes of diamond abrasive grains. (a) Strong and blocky. (b) Intermediate strength. (c) Weak and friable 


Intermediate 






Weak and 
fable 


Impact resistance 








Abrasive grain size —————————» 


4 Plot of impact resistance against abrasive 
e Ё grain size showing relative toughness of 
synthetic diamond grains 





applications for diamond are much more 
extensive than those for CBN. 
iamond abrasives are used in a wide 
variety of construction applications. These 
applications include the cutting and dimen- 
sioning of stones, quarry operations, pol- 
ishing and shaping of stone and marbles, 
and cutting of concrete to repair buildings. 
highways, and airport runways. Diamond 
abrasives are also used as mining bits in 
rock drilling and oil-well drilling opera- 
tions. 
The use of diamond abrasives in cutoff 
operations is the basis for a variety of 
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Fig. 5 Typical shapes of СВМ abrasive grains. (a) Microcrystalline and strong. (b) Intermediate. (с) Weak and friable 
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Fig. 6 Met of impact resistance against abrasive 
©. © Grain size showing relative toughness of CBN 
grains 


precision grinding applications. Carbide 
tools, parts, and drill bits are ground and 
shaped with diamond wheels. Diamond 
grinding wheels are used to grind the glass 
used in optics, the flat glass used in furni- 
ture and automotive applications, and crys- 
tal glass having intricate designs. A variety 
of low- and high-density ceramics used in 
kiln furniture, magnet, capacitor, spark 
plug, and similar applications are ground 
with diamond grinding wheels. Electronic 
ceramics such as silicon wafers, magnetic 
heads, optical fibers, and sensors are ma- 
chined to tight tolerances and fine surface 


Table 2 Typical applications of superabrasives 








Superabrasive Work material End useloperation 
Diamond 
Construction products ..................$опе Quarrying, cutting, polishing 


Concrete (for construction 
and repair) 
- Stone, shale, rock 


Mining products....... 


Precision grinding wheels Carbide 


Glass 


Industrial ceramics 
Plastics and composites 


Electronic ceramics 


Engineering ceramics 


Precision grinding hones 
Powders, slurries, and compounds 


Cubic boron nitride 
Prec 





jon production grinding wheels ..... Alloy steels 


Bearing steels. 
High-nickel alloys 


Tool steels 


Precision production honing operations . .. Alloy steels 


. Ferrous alloys 
=. Structural ceramics, ferrous 
alloys, electronic ceramics. 


Buildings, airports, highways 


Drilling. 

Tool production and resharpening: 
wear parts and others. 

Opt |, furniture, automotive, crystal 
glass 

Electrical parts and insulators, 
magnets, kiln furniture 

Fiber-reinforced plastics, friction 
materials, optical lenses 

Integrated circuit chip fabrication, 
magnetic heads, sensors, optical 
fibers 

Internal combustion engine parts, 
wear-resistant parts and bearings. 
biocerami. 

Automotive parts 

Wear-resistant parts, metallurgical 
samples, magnetic heads 














Automotive parts, gears, pump parts, 
appliance parts 

Bearing components 

Aerospace parts 

Cutting tool production, die grinding, 
resharpening 

Hydraulic cylinders, automotive parts 





finishes with diamond grinding wheels. The 
potential use of engineering, technical, or 
fine ceramics for a wide variety of thermal 


and mechanical applications will call for 
more extensive use of diamond grinding 
wheels in the future. Typical products ma- 
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© 
Fig. 7 








Tungsten carbide components having surfaces machined with diamond abrasives. (a) Variety of parts 
having machined surfaces. (b) Variety of solid carbide twist drills. (c) Carbide reamer hoving ground 


helical grooves. (d) Indexable carbide inserts having ground surfaces 


chined with diamond abrasives are shown in 
Fig. 7 to 9. Processes that utilize diamond 
abrasives are illustrated in Fig. 10. Fine 
surface-finishing processes such as lapping, 
honing, and polishing also use fine-grit dia- 
mond abrasives in loose abrasive form, 
such as powders, compounds, and slurries 
(see the articles ‘“‘Lapping”’ and Honing“ in 
this Volume). 

Cubic Boron Nitride Abrasives. As 
stated earlier, CBN abrasives are used in 
the precision production grinding of a wide 
variety of ferrous and high-nickel alloy ma- 
terials. Because of their better abrasive 
wear resistance and thermal shock resis- 
tance, CBN grains retain their cutting ge- 
ometry and efficiency longer than aluminum 
oxide abrasive. Higher hardness and better 
thermal conductivity are reported as rea- 
sons for the improved residual properties 
(such as better fatigue life) achieved with 
CBN abrasive grinding. The advantages of 
using CBN in precision production grinding 
operations are listed in Table 3. Because of 
this wide range of benefits, CBN is often 
referred to as the ideal precision grinding 
abrasive for production grinding. There- 
fore, abrasives are used in automotive, 
aerospace, cutting tool production, tool 
maintenance, and a wide variety of other 
industrial applications. 





Superabrasive Wheels 


Superabrasive wheels are available in a 
variety of sizes and shapes and are classi- 
fied according to construction, concentra- 
tion, and bond system. 

Size and Shape. The superabrasive 
wheels used in the precision grinding applica- 
tions shown in Fig. 11 vary greatly in size and 
shape (see the article "Grinding Equipment 
and Processes" in this Volume). Precision 
wheels ranging in thickness from 0.025 mm 
(0.001 in.) or less to 255 mm (10 in.) or more 
are used, depending on the application. Sim- 
ilarly, wheels ranging from | to 760 mm (0.040 
to 30 in.) in diameter are used. Because of 
their lower wear rate and longer life, smaller 
superabrasive wheels can do the work of 
larger conventional abrasive wheels, provid- 
ed the machining system can accommodate 
smaller wheels and lower spindle speeds. The 
typical shape designations of superabrasive 
wheels are shown in Fig. 12. 

Construction. Because of their long wheel 
life and the higher cost of the superabrasives, 
these wheels are generally used in a rim-type 
construction. Exceptions are extremely small 
inside diameter or very thin grinding wheels. 

The annular region of the wheel containing 
the superabrasives, called the rim, is integral- 
ly bonded to the core or structural part of the 











Solid carbide saw surfaces ground with dia- 


Fig. 8 rond wheels 





(b) 

А Diamond abrasive machining of optical lens- 
Fig. 9 (3 Lens being ground on оп apparatus 
using @ metal bond diamond wheel. (b) Sequence of 
operations to produce a photochromic lens from the lens 
blank (left), after generating, affer lapping, after pol- 
ishing, ond following shaping and beveling (right) 


superabrasive grinding wheel (Fig. 13). The 
core is generally made of composites, alumi- 
num, bronze, steel, or ceramic, depending on 
such performance requirements as strength, 
stiffness, and dimensional stabilit 

Concentration. The rim, or grinding face, 
consists of a bond, or matrix, that contains 
the superabrasive grains. The volume frac- 








(a) Cropping 





c) Flatting. 





(f) Lapping 


(b) Rounding 


OO 


(d) Back side preparation 





(9) Edging 


Fig. 10 Diamond abrasive machining operations used to fabricate semiconductor components 


tion of the abrasive grains in the rim is 
known as the concentration. This often de- 
termines the performance or behavior of 
superabrasive wheels. 

Bond Systems. Four bond systems are 
typically used in superabrasive wheels: 


® Resin 

* Vitrified 

* Metal 

* Layered product 


Table 3 Advantages of CBN abrasives in preci: 


The details of the constituents of the bond 
and the processing techniques result in spe- 
cific bond types or bond designation and 
determine the response of the bond to the 
applications. The manufacturer should be 
consulted for optimum bond selection. 
Each bond system has its own unique prop- 
erties, as follows (Table 4). 

Resin bond wheels provide good resil- 
ience and vibration-absorbing characte! 
tics, which reduce chatter at the grinding 








ion production grinding 
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CTT 


(e) Dicing 


(h) Slicing 


zone. Wheels with resin bonds are easy to 
true and dress and are commonly selected 
for a wide range of applications. 

Vitrified bond wheels offer controlled po- 
rosity, which facilitates chip removal and 
coolant flow to the grinding zone. They 
generally last longer than resin bond wheels 
and are suitable for producing accurate and 
complex forms. 

Metal bond wheels, although difficult to 
true and dress, offer long life, good form- 








Properties 


Technology (research and development) 


End results (factory) 


Economic results (corporate) 





High hardness 

Thermal stability 

Chemical inertness 

High thermal conductivity 

Produces compressive 
residual stress 


Wear-resistant abrasive for long 
wheel life 


High grinding efficiency resulting in: 


Lower grinding power 
Lower grinding forces 

Better fatigue life 

Close tolerance/geometry 
Better component performance. 


Processing of difficult-to-grind parts, 


difficult materials, and difficult 
component geometries 
High unit-width metal removal rate 
New processes 


Fewer wheel changes (30 min versus 
days); (1 shift versus 3 months) 

Consistent part quality 

Better geometry 

Lower inspection 

Lower rejections 

Lower in-process inventory 

Shorter grinding cycle 

New products 

Less labor intensive 

More automation 





Lower total cost/part 
Better asset utilization 
More value-added products 
Factory automation 
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Diamond 





Workpiece 


(a) Horizontal-spindle 
surlace grinding 


Diamond. 





(d) Outside diameter 
cylindrical grinding 





(g) Inside diameter 
form grinding 





Workpiece 





(j) Thread grinding 










Workpiece 


Diamond 
grinding 
face 


(b) Verticle-spindie 
surface grinding 


Workpiece 
/ Diamond wheel 


(e) internal grinding 
with a chucking machine 





(h) Jig grinding 







Workpiece 


"A 


(k) Outside diameter 
form grinding 


Fig. 11 Production grinding applications of diamond grinding wheels 


holding characteristics, and good thermal 
conductivity. They are excellent for simple 
form grinding, but usually require greater 
grinding forces and more power than resin 
or vitrified bond wheels. 

Layered product wheels utilize a single 
abrasive layer plated or brazed to a prema- 
chined preform. They usually produce a 
poorer surface finish than bonded abrasive 
wheels. Layered product wheels are used 


for small production runs or where toler- 
ance and surface finish are not very critical. 


brasive Wheel 
Applications 
The proper use of superabrasive wheels 


often requires careful evaluation of all fac- 
tors of the grinding system, such as: 


Diamond 
wheel 













Regulating 


| Guideblade wheel 


(I) Centeriess grinding 





afk 























Diamond + L- Diamond 
wheel = wheel 
(lett) H (right) 

= 7" Work 
piece 


(i) Double-disk grinding 












Workpiece 








(1) Slot grinding 


* Machine tool 

€ Work material 

© Wheel selection 

@ Operational factors 


Table 5 lists some of the key variables that 
affect each of these factors. 

Figure 14 shows a schematic of the grind- 
ing process. In a superabrasive wheel, the 
abrasive grit serves as a wear-resistant cut- 
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Fig. 12 superabrasive wheel configurations and their designations 
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Basic core shape 11 
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grains 
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" Construction of o typical superabrasive 
Fig. 13 eel 


ting edge for long periods of time, unless it 
is pulled out of the bond prematurely. 
Therefore, it is imperative to maximize the 
abrasive/work interactions leading to chip 
generation and grinding efficiency and to 
minimize the rubbing or interaction at the 
bond/work, chip/bond, or chip/work inter- 
faces. 


Machine Tool Variables 

Machine tool developments in the past 20 
years have contributed to innovative su- 
perabrasive applications. Precision spindles 
and slides, rigid machine frames, accurate 
positioning methods, multiaxis computer 
numerical control (CNC) movement to 
achieve complex geometries with a high 
degree of accuracy, high-speed spindles, 
and high-pressure flow coolant systems are 
some of the features incorporated into 
grinding machines using superabrasive 
wheels. 

High-speed tool steel end mills are pro- 
duced in the conventional method by mill- 
ing the flutes on a cylindrical rod and then 
heat treating (Fig. 15a). During heat treat- 
ing, the flutes become distorted and require 
finish grinding to restore flute geometry and 
to generate other features of the cutting 
geometry. It is also expensive to maintain 
an in-process inventory of the premachined 
blanks. Capital and labor costs for this 
process are high. The conventional process 
has been significantly improved upon by 
heat treating the rod and then grinding in the 
flutes with a CBN wheel (Fig. 15b), thus 
eliminating the milling operation used in the 
conventional process. The improved pro- 
cess utilizes the high material removal rate 
capability of CBN superabrasive wheels 


Table 4 Advantages of diamond 
abrasive bond types 





Resin bond 

Readily available. 

Easy to true and dress. 

Moderate freeness of cut 

Applicable for a range of operations. 

First selection for learning the use of diamond wheels 

Vitrified bond. 

Free cutting 

Easy to true. 

Does not need dressing (if selected and trued properly) 

Controlled porosity to enable coolant flow to the 
grinding zone and chip removal 

Intricate forms can be crush formed on the wheels 

Suitable for creep-feed or deep grinding, inside. 
diameter grinding. or high-conformity grinding. 

Potential for longer wheel life than resin bond 

Excellent under oil as coolant 


Metal bond 


Very durable. 

Excellent for thin slot, groove, cutoff, simple form. or 
slot grinding. 

High stiffness 

Good form holding. 

Good thermal conductivity 

Potential for high-speed operation 

Generally requires high grinding forces and power 

Difficult to true and dress 

Layered products 

Single abrasive layer plated on a premachined steel 
preform 

Extremely free cutting 

High unit-width metal removal rates 

Form wheels, easily produced 

Form accuracy dependent on preform and plating 
accuracy 

High abrasive density 

Generally not truable 

Generally poorer surface finish than bonded abrasive 
wheels 





while maintaining the form or geometry of 
the wheel face for a relatively long time. 
However, the improved process requires 
the following: 


€ Multiaxial CNC machines of high rigidity 
that have the flexibility to be pro- 
grammed for a range of part geometries 

e Oil coolant systems able to withstand 
high pressures and high fluid flows 

€ Suitable enclosure to ensure operator 
safety 

© High-precision truing and dressing equip- 
ment that lends itself to automation 
should production quantities warrant 
such an investment 


Figure 16 shows the setup used to grind in 
flutes in an end mill and illustrates the array 
of coolant lines required for the machining 
operation. 


Wheel Selec 

The shape, size, configuration, and fea- 
tures of superabrasive bond types are de- 
scribed in the section "Bond Systems" in 
this article. A typical example of superabra- 
sive wheel designation is shown in Fig. 17. 
Wheel manufacturers should be consulted 
on the details of each specification and their 





Table 5 Variables influencing 
grinding operations with 
superabrasives 








Machine tool 


Design 
Rigidity 
Precision 
Dynamic stability 
Features. 
Controls. 
Power, speed, and 
so on 
Slide movements 
Truing and 
dressing. 
equipment 
Coolant 
Type 
Pressure 
Flow 
Filtration systems 


Operational factors 


Fixtures 

Wheel balancing 

Truing, dressing. and 
conditioning techniques 
and devices 

Grinding cycle optimization 

Inspection methods 


Wheel selection. Work material 
Core material Properties 
Wheel design Mechanical 
Abrasive Thermal 
Type, properties Microstructural 
Particle size Geometry 
Size distribution Wheel/part conformity 
Content Access to coolant 
Bond Shape/profile required 
Type Part quality 
Hardnessigrade Geometry 
Porosity Consistency 
Thermal 
conduction 








Fi: 14 Schematic illustrating interactions in the 
g. grinding zone of a grinding wheel/work- 
piece interface. 1, abrasive/work interface; 2, chip/bond 
interface; 3, chip/work interface; 4, bond/work interface 


influence on grinding results. Additional 
information on wheel selection is available 
in the article ""Grinding Equipment and 
Processes" in this Volume. The principles 
of superabrasive wheel applications are dis- 
cussed in the sections “Diamond Grinding 
Wheels" and "Cubic Boron Nitride Grind- 
ing Wheels" in this article. 

Diamond Grinding Wheels. Diamond 
grinding wheels are used for a wide variety 
of work materials, such as carbide, glass, 
industrial ceramics, plastics, electronic ce- 
ramics, and composites and high-density/ 
structural ceramics. Specification data for 
the materials are extensive and readily 
available. 

Grinding of Carbide Materials. Figure 18 
shows the effect of diamond abrasive parti- 
cle size, concentration, and type on surface 
finish, metal removal rate, and G ratio (vol- 
ume of work removal/volume of wheel 
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Fig. 15 Methods of producing high-speed tool steel end mills. (a) Conventional process in which flutes are milled 


in prior to hardening. (b) Improved process in 


which flutes are ground in with a CBN wheel after 


hardening. The new process proved to be more cost effective and produced an end mill with more exact tool geometry. 
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Fig. 16 о coolant lines 


worn). These qualitative curves are based 
on data compiled from grinding carbide with 
diamond abrasives. 

Figure 19 shows the effect of work mate- 
rial structure (toughness), chip size pro- 
duced, and abrasion resistance of the bond 
used on surface finish, metal removal rate, 
and G ratio. Figure 20 shows the effect of 
wheel speed, V,, and grinding pressure on 
surface finish, metal removal rate, and G 
ratio. Grinding pressure is a control variable 
commonly used in toolroom or insert grind- 
ing operations. 

Grinding of Ceramics. The advent of 
high-strength structural ceramics and their 
possible use in a variety of high-perfor- 


mance applications offer the potential for 
even wider use of diamond abrasive wheels. 
Some recent results are discussed in this 
section. 

Figure 21 shows the influence of grit size, 
bond type, and material removal rate in the 
grinding of hot-pressed silicon nitride 
(HPSN). Figure 21(a) shows the grinding 
forces measured normal to the workpiece 
surface (Fy), and Fig. 21(b) shows the tan- 
gential grinding forces measured parallel to 
the work surface or in the direction of table 
traverse (Fr). Figures 21(a) and (b) show 
the forces in a normalized scale; therefore, 
à direct comparison is possible between the 
bonds used and the grit sizes. The normal 
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А Typical specifications used for superabra- 
Fig. 17 e wheels 


and tangential forces are generally higher 
for the finer grit, within the experimental 
conditions of 50 to 255 mm/min (2 to I0 in./ 
min) of table speed, 2.5 mm (0.100 in.) 
downfeed, and the corresponding normal- 
ized (unit-width) metal removal rate. 

Higher forces were generally observed at 
finer grit sizes for the three bond systems 
evaluated. This conclusion may be more 
suitable for the grinding of structural com- 
ponents (such as cutting tools), than for 
electronic applications, in which the nor- 
malized metal removal rates used are gen- 
erally well below the values tested in this 
example. 

Among the bond systems evaluated, the 
vitrified bond generated the lowest normal 
forces, while the resin bond generated the 
lowest tangential forces (or lowest grinding 
power) The metal bonds evaluated re- 
quired higher normal and tangential forces. 
The modification to the metal bond (M2) to 
improve the free cutting action of the wheel 
appeared to be significantly beneficial at the 
higher normalized metal removal rate. 

Figure 22 shows the wheel wear mea- 
sured as G ratio for the test conditions 
shown in Fig. 21. In general, finer-grit dia- 
mond that required higher forces exhibited 
lower G ratios (within the experimental 
conditions evaluated). However, the metal 
bond wheels that required higher forces also 
exhibited higher G ratios. High tangential 
forces and lower G ratios (despite the lower 
normal forces) are measured for the vitrified 
bond wheel. This highlights the significance 
of coolant application in the grinding of 
ceramic materials, particularly with vitrified 
bond diamond wheels. When the test was 
conducted in a machine setup with better 
coolant application conditions, the vitrified 
bond wheel showed relatively high G ratios 
at the higher unit-width metal removal rate 
(Fig. 22). 

The normal forces measured are shown in 
ig. 23. Hot-pressed silicon nitride requires 
higher grinding forces than any of the other 
ceramics evaluated, including tungsten car- 
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bide. Ferrite, Al,O,-TiC, and zirconia re- 
quire relatively lower forces. The relative 
grinding power required for the ceramics 
evaluated is shown in Fig. 23(b). The wheel 
wear measurements indicate that ferrite has 
the highest G ratio, followed by zirconia, 
Al,0,-TiC, hot-pressed silicon nitride, and 
tungsten carbide (in decreasing order). 
Cubic boron nitride grinding wheels 
can be evaluated with regard to wheel life. 
concentration, equivalent diameter, surface 
finish, grit size, and coolant application. 
Wheel Life. The wear of a grinding wheel 
is measured in terms of the G ratio, which is 
the ratio of the volume of work material 
removed divided by the wheel wear vol- 
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ume. This G ratio represents a measure of 
the real life of the abrasive as well as the 
useful life of the abrasive wheel itself. 

The wheel lives of CBN wheels are often 
100 to 1000 es longer than those of 
conventional abrasive wheels. Figure 24 
roperties of a conventional 
le wheel with those of a CBN 
wheel for grinding 52100 bearing stecl. M7 
high-speed tool steel, and M50 and Inconel 
718. The long life of the CBN wheel offers 
the advantages of lower wheel change fre- 
quency, lower machine downtime, consis- 
tent part geometry, and ease of automation. 
Because of this long life, the frequency of 
dressing superabrasive wheels is substan- 








G ratio ——» 





Normal force, Fy ———*- 


(b) 


Plots of surface finish (curve A), metal removal rate (curve B), ond G ratio (curve C) against wheel 
speed (a), ond normal force (b), to illustrate the relative effect of operating conditions on carbide 


Plots of surface finish (curve A), metal removal rate (curve B), and G ratio (curve C) against material (о), chip type (b), and bond type (c), to show the relative 
properties of diamond abrasives in the grinding of carbides 


tially lower than that of conventional abra- 
sive wheels. Proper dressing procedures 
must be followed to obtain the maximum 
useful life of CBN wheels and to achieve 
maximum economic benefits. 

Concentration denotes the amount of su- 
perabrasive present in the whcel and often 
represents the volume fraction of the abra- 
sive. Figure 25 shows the effect of concen- 
tration in CBN wheels, In general, the high- 
er the concentration, the longer the wheel 
life and the better the surface finish. In 
electronic ceramics, higher-concentration 
diamond wheels are used to achieve tighter 
tolerances in part geometry and to minimize 
chipping of the parts. 

Equivalent diameter, Dy, determines the 
conformity between the wheel and the 
workpiece. The closer the conformity, the 
higher the equivalent diameter. Internal 
grinding generally creates higher conformi- 
ty than external cylindrical grinding. Figure 
26 shows that external grinding with lower 
conformity grinds more efficiently (lower 
power consumption for given material re- 
moval rate) but produces a poor surface 
finish. 

The surface finish produced by CBN 
grinding wheels is determined by the dress- 
ing or exposure of the abrasive grains 
achieved in resin and metal bond wheels. In 
vitrified bond CBN wheels, the truing pro- 
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Fig. 21 Fife! of bond type and grit size, on normal (o) and tangential (b) forges in the grinding of hot-pressed 
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cedure and wheel specification dictate the 
surface finish achieved. 

Unlike conventional abrasive wheels, 
CBN wheels are generally not dressed with- 
in a grinding cycle to achieve a dull wheel 
face and therefore improve the work sur- 
face finish. In most cases, the work surface 
finish is governed by the highest material 
removal rate that the CBN wheel is subject- 
ed to, which generally occurs during the 
rough grinding cycle. Therefore, setting the 
cycle to achieve a short cycle time while 
maintaining the lowest normalized metal 
removal rate during rough grinding is a 
desirable strategy when using CBN wheels 
for production grinding. 

Grit Size. In any application in which a 
conventional abrasive such as aluminum 
oxide is performing successfully, two con- 
ditions can be envisioned: 


© The abrasive undergoes self-sharpening 
due to its inherently low thermal fatigue 
resistance and consequent microfractur- 
ing 

* The bond system can be designed to 
self-sharpen and thus shed the low-cost 
abrasives (when they become dull and 
require high grinding forces without seri- 
ous economic consequences 


When applying the CBN superabrasive, the 
conditions discussed below occur. 

The CBN abrasive has high thermal fa- 
tigue resistance and high wear resistance. 
Any flats (flank face wear) generated in the 
abrasive grain during the truing process or 
during grinding cannot be easily removed 
and will cause high grinding forces. This is 
similar to a cutting tool with large flank 
wear. Therefore, selection of the proper grit 
size is critical for avoiding excessive forces 
and consequent poor grinding results (such 
as chatter, burn, and hard grinding action). 
The bond system cannot be designed to be 
excessively forgiving (soft), because it is 


Wheel speed was 28 m/s (5500 sfm) at both low (2 тт?/5, mm; or 0.2 in.*/min, in.) and 
min, in.) unit-width metal removal rates. M2 indicates a modification of the original 


necessary to minimize the loss of expensive 
CBN superabrasive. This information 
would suggest that the selection of CBN 
superabrasive grit size should be the mini- 
mum size possible that is consistent with 
the metal removal rate required. Typically, 
this grit size is in the range of 150 to 320 for 
replacing aluminum oxide abrasives used at 
60 to 120 grit. In addition, the truing param- 
eters should be optimized to avoid the gen- 
eration of excessive flats or large flank face 
wear (Fig. 27). For example, if the influence 
of the abrasive grit size and truing proce- 
dures (leading to flank face rubbing) is not 
recognized, hard grinding action will be 
akenly attributed to the entire line of 
CBN abrasives. 

Effect of Coolants. The importance of 
pressure, flow, and direction of coolant 
application for superabrasive wheels is cov- 
ered in the section “*Масһіпе Tool Vari- 
ables” in this article. In addition, a 100% oil 
coolant applied at high pressure and flow 
rate and properly directed at the grinding 
zone generally improves CBN wheel perfor- 
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22 Effect of bond type and grit size on G 
. ratio in the grinding of hot-pressed silicon 
nitride for conditions shown in Fig. 21. Grit sizes are 180 
ond 320, Wheel speed was 28 m/s (5500 sfm) ot both 
low (2 mm/s, mm; or 0.2 in.*/min, in.) and high (10 
mms, mm; or 1.0 in.*/min, in.) unit-width metal removal 
rates. M2 indicates a modification of the original metal 
bond. 








mance significantly (Fig. 28). However, 
heat removal from the grinding zone may be 
the predominant requirement of the coolant 
in order to maintain part geometry and to 
avoid burn marks on thin sections or in 
heat-sensitive materials. In such cases, wa- 
ter-soluble oil may be preferable as a cool- 
ant. The application of high-pressure cool- 
ants and the use of 100% oil as a coolant 
necessitate proper guarding and ventilation 
of the system to avoid contamination of the 
grinding room atmosphere with oil mist. 
Effect of Wheel Speed. The optimum 
whecl speed for CBN grinding is approxi- 
mately 45 m/s (9000 sfm), but the speeds 
typically used range from 25 to 35 m/s (5000 
to 7000 sfm). Higher grinding wheel speeds 
produce lower grinding forces, better wheel 
life, and better surface finish (Fig. 29). 
These benefits are generally utilized in high- 
er-accuracy grinding to achieve better-toler- 
anced parts or in higher-productivity grind- 
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Fig. 24 Comparison of CBN and conventional abrasive wheel 


їп the grinding of 52100 bearing 


steel (a), M50 high-speed tool steel (b), M7 high-speed too! steel (c), and Inconel 718 (d). With the 
‘exception of the M50 material, which used a water-soluble oil and was inside diameter ground, all of the materials 


were outside diameter ground using a 100% oil coolant. 


as gears. The reason for this improvement is 
not well understood. However, the use of 
CBN for gear grinding is being pursued to 
obtain increased gear life, smaller gear size 
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dressed with o rotary diamond wheel. Curve A (which is external mode), D, is 30.5 mm (1.2 i 
(11 000 sfm); curve B, D, is 178 mm (7.0 in.) and V, is 60 m/s (12 000 sfm). (a) Workpiece v: 





and V, is 55 m/s 
width volumetric 





removal rate plotted against unit-width normal force. (b) Unit-width power plotted against workpiece unit-width 
volumetric removal rate to obtain slope, which equals specific power. (с) С ratio and average surface finish plotted 


‘against workpiece unit-width volumetric removal rate 





Fig. 27 


at equal fatigue life or higher efficiency, and 
lower noise levels for transmission applica- 
tions. 


Operational Factors 

Balancing, truing, dressing, and condi- 
tioning are necessary for the effective use of 
superabrasive wheels. Each of these opera- 
tional factors will be discussed in turn. 

Balancing of the superabrasive wheels 
prior to mounting and subsequent on-ma- 
chine balancing are critical to achieving 
high wheel performance, micro-smooth sur- 
face finishes, and high-precision geometry 
of the surfaces produced with minimal chat- 
ter or chipping. Once wheel selection, ma- 
chine tool settings, adjustments, and main- 
tenance are understood, the successful use 
of superabrasives depends to a large extent 


(e 


Selection of superobrosive grit size. 60-grit aluminum oxide (a) yields a bond system comparable to 
100-grit CBN having wear flats (b) or 150-grit CBN without wear flats (c). 


on the truing, dressing, and conditioning of 
the wheel. It is generally thought that su- 
perabrasive wheels are hard, that they can- 
not be trued and dressed, or that special 
machines are required. When properly se- 
lected, superabrasive wheels can be trued, 
dressed, and made to operate in current 
production operations. However, a system- 
atic understanding of the difference be- 
tween conventional wheel truing and su- 
perabrasive wheel truing is required. 

Truing. For the successful use of super- 
abrasive wheels, the wheel surface must be 
concentric, free of round lobes, and straight 
across the thickness of the wheel, and it 
must have the correct profile for form 
wheels. 

The process used to generate geometri- 
cally correct wheel faces is called truing. A 
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inside diameter grinding of M7 high-speed tool steel 
using о B180)100V wheel. A, 5% water-soluble oi 
100% oil coolant. (a) Unit-width power plotted against 

il-width metal removal rate. (b) G ratio plotted against 
lh metal removal rate 











unit 


properly trued wheel will grind with mini- 
mum or no chatter and will generate a 
straight cylinder, flat surface, or accurate 
profile on the workpiece, provided it is also 
dressed properly (Fig. 30). 

Dressing. After truing, the wheel face is 
generally very smooth ош much expo- 
sure of the superabrasive grits. For efficient 
grinding, the bond adjacent to the super- 
abrasive grits will have to be eroded away, 
exposing the superabrasive grits. A proper- 
ly exposed superabrasive wheel surface 
contains abrasive grits supported in the 
trailing side with tails. In the leading side, 
the bond is removed for about 30% of the 
grit size for free cutting action. The grits are 
connected by shallow grooves for chip 
clearance and cool flow. Exposing the su- 
perabrasive grits on the wheel surface for 
efficient grinding action is called dressing 
(Fig. 31). 

A properly trued and dressed wheel pro- 
duces a workpiece with the required geom- 
etry, tolerance, and surface finish; draws 
minimum grinding power; and produces a 
workpiece without burn, surface damage, 
or chatter marks. Truing and dressing are 
required during the first setting up of the 
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А High wheel speed cuts foster and improves. 
Fig. 29 d ын ere ы 52700 bearing 
steel at 60 HRC that is being internally ground by a 
B240J150V CBN wheel dressed with c rotary diamond 
wheel. Equivalent diameter is 127 mm (5.0 in.). Curve A, У; 
is 60 mis (12 000 sfm); curve B, V. is 30 m/s (6000 sfm). (о) 
Workpiece unit-width volumetric removal rate plotted 
against unit-width normal force. (b) Unit-width power 
plotted against workpiece unit-width volumetric removal 
rate to obtain slope, which equals specific power. (c) G 
ratio and average surface finish plotted against workpiece 
unit-width volumetric removal rate 





wheel. Resin and metal bond wheels must 
be trued and dressed. Vitrified bond wheels 
generally require truing only and do not 
require dressing. Electroplated superabra- 
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Fig. 30 typical examples of conditions that require truing 


sive wheels do not require either truing or 
dressing, except in special situations. 

Conditioning. When parts of acceptable 
quality are being ground, the superabrasive 
wheel may require periodic conditioning to 
restore the geometry of the part, the surface 
finish. or both. The conditioning may in- 
volve minor truing and/or dressing (Fig. 32). 

Conventional abrasive wheels for preci- 
sion production grinding are generally vitri- 
fied bond wheels. They do not require 
dressing. In this case, the terms truing and 
dressing are used synonymously. Truing 
and dressing are not synonymous terms for 
superabrasive whecls. 





Truing Methods for 
Production Grinding 
A variety of methods are available for 
superabrasive wheel truing in production 
grinding operations. These methods can be 
broadly divided into three categories: 








* Stationary tool truing 
* Powered truing 
* Form truing 


The truing of diamond wheels in production 
grinding is still evolving. Although most of 
the comments in this section are based on 
results with CBN wheels, anticipated 
that similar results would be obtained with 
diamond wheels. 

Stationary tool truing involves passing a 
nonrotating truing tool across the face of a 
rotating wheel. The tool may consist of a 
single diamond point, a cluster tool contain- 





CBN grit 
\ 


ing three to five points, or a nib containing 
many diamond particles. 
ingle-point truing can be used for very 
small vitrified wheels or for small scale 
infrequent production. However, the dia- 
mond point of the tool wears rapidly, re- 
quires frequent turning, and demands con- 
siderable operator attention. As a result, the 
single-point truing of CBN wheels is gener- 
ally not recommended. 

Cluster tool truing generates high truing 
forces. This method is not recommended. 

The nib (Fig. 33a), containing many small 
diamond particles, is the preferred tool for 
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i Schematic of a wheel that has been trued 
Fig. 31 шд dressed. (o) After топо, Wheel face 
is smooth and closed. (b) After dressing. Wheel face is 
‘open with grits exposed and ready for efficient grinding. 
(c) After dressing. Bond supports the grit. (d) After 
dressing. Note path connecting the tails for efficient 
coolant and chip flow. 
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32 Typical conditions that require periodie correction to the wheel face (conditioning). (a) Out-of-form 
r wheel requires precision truing to restore geometry. (b) Poor surface finish coused 
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by bond erosion con 


be corrected by precision truing of the wheel face. (c) Freeness of cut is restored by precision dressing to reduce worn 


out CBN grit and exposed grit. 


stationary truing. The truing forces generat- 
ed are acceptable. 

Powered Truing Methods. A systematic 
study of the truing process indicates that 
powered truing methods utilizing a rotating 
tool offer the best results (Fig. 33b). Figure 
34 shows the truing forces generated by a 
diamond nib and a rotary cutter under iden- 
tical conditions on a resin bond CBN wheel. 
The truing forces are considerably lower 
with a rotary tool than with the stationary 
tool. In addition, the rate of increase in 
truing force with a rotary tool is consider- 
ably smaller. 

Commercially available rotary powered 
truing devices are versatile to use. They 
also generate low truing forces, offer con- 
sistent results, and are easily automated. 
Wheels with a straight face or simple forms 
can be trued with a traversing diamond 
rotary cutter or a rotary cup; plunge truing 
with a diamond roll can also be used. 

Form Truing. Complex form wheels can 
be trued by plunge truing with diamond rolls 
or crush truing methods (Fig. 33c). Another 
method of truing form wheels is the use of a 
thin rotary cutter (considerably thinner than 
the wheel width). This rotary cutter can be 
traversed across the wheel profile with a 
mechanical arrangement that generates the 
wheel profile, for example, using a form bar 
or a CNC-controlled form generator. Cubic 
boron nitride form wheels have been success- 
fully trued with this approach in order to 
generate simple radius or complex profiles. 


Wheel Truing Objectives 
for Superabrasives 

The essential feature of all CBN whecl 
truing methods is to provide accurate and 
precise relative motion between the wheel 
and the truing tool in order to generate the 
straight cylinders, tapers, flat surfaces, or 
forms required on the wheel. Successful 
wheel truing depends on the five factors 
discussed below. 
inimizing Truing Tool Wear. Wear of 
the truing tool causes loss of form, crown- 
ing, or a taper on the wheel face. Excessive 
wear is generally associated with poor tool 
selection, large truing forces, very small 
traverse speed, high infeed rates, abusive 








conditions of wheel truing, or excessive 
wheel runout that could have been reduced 
during mounting of the wheel. 

Ensuring Consistent Wheel Surface 
Quality. Unlike conventional abrasive 
whecls, a CBN wheel is not trued after 
every part or grinding cycle. If properly 
operated, it should be conditioned after 
typically 20 to 100 grinding cycles and as 
often as every 3 months. Once the condi- 
tioning frequency is established, the wheel 
should be conditioned at regular intervals. 
If this is not done, the production schedule 
will be disrupted, and increased operator 
attention will be required. 

The truing mechanism should be reliable, 
accurate, and rigid to ensure consistent 
wheel surface quality. The machine should 
have the capability for precision movement 
and skip dressing. 

Roughing/Finishing Using the Same 
Wheel Face Without Conditioning. Cubic 
boron nitride wheels can grind at high unit- 
width metal removal rates and can produce 
good surface finishes at low unit-width met- 
al removal rates. This is possible because 
the CBN grit resists wear. The open condi- 
tion of the wheel allows for high unit-width 
metal removal rates, coolant flow, and chip 
removal without burning. The flats generat- 
ed on the CBN grits during the truing oper- 
ation determine the surface finish at finish 
grinding rates. Excessive flats on coarse 
grits will generate a fine surface finish. but 
burning or smearing can occur. 

Machine Tool and Truing Device Re- 
quirements. The truing of CBN wheels can 
be satisfactorily accomplished on moderate- 
ly rigid (18 kN/mm, or 100 000 Ibffin.) ma- 
chines. Excessive rigidity is useful but not 
necessary. However, a machine with worn 
ways, inconsistent feed rates. stick slip, and 
lack of fine infeed control (for example, 
0.005 mm, or 0.0002 in. per step or lower) 
will degrade any truing effort. Similarly, 
high precision, low runout, and moderate 
rigidity are required in the truing devices. 
Good-quality coolant flow, proper diamond 
selection, and smaller-grit diamonds gener- 
ally improve the truing. 

Goals for Successful Truing. In a prop- 
erly managed truing effort, it is necessary 
10: 
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i Truing methods used for CBN wheels. (a) 
Fig. 33 soy tool muing with a nib. (b) 
Powered truing using a rotary cutter (left) or a rotary cup 
(right). (c) Form truing using a diamond roll (let), tracing 
with rotary cutters (center), and o crush roll (right) 
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* Minimize truing forces 

* Minimize truing time 

@ Control the exposure and extent of flat- 
ness on CBN grits to obtain the desired 
surface finish 

* Minimize loss of superabrasive grain 

@ Automate the truing process to achieve 
consistent wheel surface condition 


Truing Methods 
for Batch Production 

For operations in which the wheel is used 
for short production runs, with each run 
containing different parts (for example, 
toolroom grinding), powered rotary truing 
methods are preferred and should be used 
whenever possible. However, for batch 
production, the truing operations can be 
carried out using the methods discussed 
below. 

Truing With Abrasive Wheels. Brake- 
controlled and powered rotary truing devic- 
es use conventional abrasive wheels. The 
precision with which a trued wheel surface 
is generated by these methods is lower than 
in the methods described earlier, In general, 
a relatively harder wheel with silicon car- 
bide abrasive will true the superabrasive 
wheel faster at lower levels of abrasive 
consumption. However, an open wheel sur- 
face is obtained with a softer wheel contain- 
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35 Effect of truing infeed on truing force. A, 
e resin and metal bond CBN wheel; B, 
vitrified CBN wheel; C, conventional vitrified wheel 





ing aluminum oxide abrasive. Occasionally, 
the superabrasive wheels can be finished to 
the required form or geometry by using a 
grinder with an optical attachment. 

Truing With Hard Ceramics. Resin bond 
CBN wheels can be trued by grinding with 
hard ceramics such as tungsten carbide or 
boron carbide. In this method, 0.005 mm 
(0.0002 in.) downfeed per pass is used in a 
surface grinder. Slightly more than half the 
wheel thickness should be crossfed, and 
table speed should be moderate. The wheel 
speed is the same as the grinding speed. The 
grinding power will gradually increase as 
the wheel becomes dull while being trued. 
When the power exceeds the normal power 
drawn during workpiece grinding, truing 
should be halted. The wheel face should be 
stick dressed with an abrasive stick. Truing 
is then continued. This cycle is repeated 
until the wheel is completely trued. Dia- 
mond nibs and, occasionally, single-point 
tools can also be used for truing CBN 
wheels in batch operations. 


Quantitative Understanding 
of Truing Parameters 

The following variables apply to any tru- 
ing operation: 


© Truing method used: Stationary or pow- 
ered rotary truing 

ө Туре of truing tool: Stationary (single- 

point or nib) or rotary (disk, cup, dia- 

mond roll, bonded or plated cutter, or 

reverse-plated cutter) 

Specification of truing tool: Diamond 

type, grit size, concentration, and geom- 

etry 

© CBN wheels to be used: Bond type, grit 
size, concentration, and wheel size 

ө Truing process variables: Speed, infeed 
increments, speed ratio, overlap ratio, 
relative motion, crossfeed, coolant flow, 
and machine rigidity 
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© Output variables: Truing forces, power, 
chatter or lobing, total indicator reading, 
accuracy of form, wheel surface quality 
and truing time, and grind quality after 
truing 


Some of the key variables are discussed 
below. 

Infeed is an incremental advance of the 
truing tool or cutter relative to the wheel 
face. The infeed used for superabrasive 
wheel truing with a diamond tool or cutter 
should be about one-tenth the values used 
for conventional abrasive wheels. This gen- 
erally implies an infeed of 0.0025 to 0.005 
mm (0.0001 to 0.0002 in.) per increment in 
traverse truing and 0.050 to 0.10 шт (2 to 4 
nin.) per revolution in plunge truing. 

The effect of infeed on truing forces is 
shown in Fig. 35. Control of infeed is a key 
aspect of achieving outstanding perfor- 
mance of superabrasive wheels without 
chatter or hard grinding action. 

Intermittent Dressing. Figure 36 shows 
the gradual increase in truing forces as a 
function of time or number of traversals of 
the cutter across the wheel face. However, 
if the truing forces exceed the normal grind- 
ing forces, deflection of the spindle, wheel 
lobing, and chatter will occur. Intermittent 
or periodic dressing of the wheel minimizes 
these problems. 

Parameters for Rotary Truing. The ratio 
of cutter speed to wheel speed is called the 
speed ratio. Selection of the speed ratio and 
its relative direction determines truing forc- 
esand such grinding results as work surface 
roughness and wheel wear. 

Grit Size. The diamond cutter dressing 
tool for superabrasive wheels generally re- 
quires smaller grit sizes than those used for 
conventional abrasive wheels. Large dia- 
mond grit in the cutter generates higher 
truing forces and poor grinding results. 

Overlap ratio is the ratio of the width or 
thickness of the cutter to the lead. The 
smaller the overlap ratio, the more open the 
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CBN wheel 
i Schematic illustrating abrasive stick dress- 
Fig. 37 с. Low coolant flow is required during 
the stick dressing process. 


wheel face, the lower the grinding power, 
and generally the shorter the wheel life. 
However, high overlap ratios can lead to a 
dull grinding wheel that results in poor 
wheel performance. 


Practical Dressing Methods 
Several methods are available for dress- 
ing CBN wheels. These include: 


ө Abrasive stick dressing using mechanical 
devices 

ө Abrasive-jet dressing 

* Slurry dressing 

e High-pressure waterjet dressing 


Abrasive stick dressing using mechan- 
ical devices is the most frequently recom- 
mended practice and is suitable for a wide 
variety of applications. This method con- 
sists of pushing an abrasive stick (called a 
conditioning stick) into the wheel face with 
a constant force or a constant infeed rate 
(Fig. 37). Several variations of the stick 
dressing arrangement are used in industry. 

Dressing devices are available that can be 
adapted to grinding machines. In this meth- 
od, the abrasive stick can be pushed into the 
wheel face at a constant infeed or a constant 
force level. As the stick is pushed into an 
as-trued CBN wheel face at a constant 
infeed rate, the forces increase rapidly and 
then reach a lower steady-state level (Fig. 
38). For a given wheel and stick specifica- 
tion, the steady-state force will reach a 
constant value that is determined only by 
the infeed rate and is independent of the 
abrasive volume consumed after a minimum 
quantity. In general, if the operator deter- 
mines that the wheel is consuming the stick 
excessively but is not grinding satisfactori- 
ly, he should consider a coarser-grit stick or 
a higher infeed rate. 

Figure 39 shows the results of constant- 
force dressing tests. The CBN wheel was 
trued under identical conditions. The wheel 
was then dressed using abrasive sticks of 
600, 320, and 220 grit; the same grade; and 
two force levels: 65 and 135 N (15 and 30 
160. Іп each case, the wheel was dressed 
using 25, 50, 75, and 102 mm (1, 2, 3, and 4 
in.) of stick length. The resultant wheel face 
was used to grind M2 high-speed tool steel 
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under identical conditions. The work sur- 
face finish was measured to reflect indirect- 
ly the wheel face roughness. The wheel 
surface becomes rougher as the abrasive 
grit in the dressing stick becomes coarser. 
For the same abrasive stick (A320J). the 
increase in dressing force also increases 
wheel surface roughness, 

The exposure of CBN is not the only 
factor influencing the work surface finish: 
the CBN grit size also has a strong influ- 
ence. Figure 40 shows the grinding perfor- 
mance of two CBN wheels of the same 
concentration but different grit size that 
were dressed under the same conditions 
(constant force, constant volume of abra- 
sive used, and constant grinding condi- 
tions). The finer-grit CBN wheel produces 
workpiece surface roughness that is depen- 
dent on the abrasive grit size used for 
dressing. 

Such is not the case with the coarser-grit 
CBN wheel. The coarser-grit CBN pro- 
duces finer work surface roughness than 
CBN of smaller grit size. The quality of 
work surface produced by 100-grit CBN is 
poorer because of smearing or a burnished 
appearance. Therefore, in grinding with 
CBN, it is preferable to use finer grit 
without sacrificing wheel life for a given 
metal removal rate. 

Abrasive-jet dressing consists of im- 
pacting the CBN wheel face with a jet of 
fine-grit abrasive propelled by high-pres- 
sure air. This method is also suitable for 
dressing a contour or form on the wheel 
face. The system is expected to be portable 
from machine to machine within a plant. 
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i Effect of dressing stick grit size and dress- 
Fig. 39 ing stick consumption ога roughness. 
(as measured by work surface finish) during constant- 
force dressing. Work material ground was M2 high- 

tool steel using a CBN wheel (CB 220 WBA) 
measuring 255 X 13 X 3.2 х 32 тт (10 х 4x Vex 
1% in.) and a wheel speed of 46 m/s (9000 sfm). The 
dressing sticks measured 13 X 13 mm (14 X 1 in.) 


Slurry Dressing. Some machines that arc 
specifically designed for CBN use an abra- 
sive slurry (abrasive entrained in water) 
pumped across a gap between the wheel and 
à steel roll. 

High-pressure waterjet dressing con- 
sists of a high-pressure waterjet directed at 
the wheel face to erode the bond in a 
controlled manner. Preliminary test results 
show that these methods generally required 
an abrasive waterjet rather than an ordinary 
waterjet. 

The cost of such units for slurry dressing 
and waterjet dressing and the specialized 
nature of the equipment involved do not 
justify these methods for a wide variety of 
applications. However, the methods may 
become useful under special machine and 
production conditions. 


Dressing Methods 
for Batch Production 

Abrasive Stick Dressing. Manual stick 
dressing is used in a number of batch pro- 
duction operations. However. from the 
standpoints of safety and consi 
ual stick dressing should be 
The stick dressing can be mechanized 
whenever possible by mounting the stick on 
the machine table and rapidly feeding it into 
the wheel with machine controls. Proper 
guarding is essential in such cases. The 
conditioning sticks used for dressing CBN 
wheels should be distinguished from the 
soft rubber sticks used for cleaning the 
wheel face. 

The dressing block can be used as a work 
material in surface grinding, and the wheel 
can be dressed by grinding such blocks. 
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Care should be taken to prevent excessive 
wear of the CBN wheel or abrasive condi- 
tions that can lead to uneven wear. 

Dressing WI Grinding. Cubic boron 
nitride wheels, particularly resin or vitrified 
bond wheels, can be dressed by erosion of 
the bond during grinding. This invariably 
results in a loss of work material during 
dressing due to burn or improper work 
quality. In addition, depending on the grind- 
ing conditions, the whecl may not be ade- 
quatcly dressed at any time. 





Conditioning 

Conditioning is a periodic correction to 
the wheel face to restorc its gcometry or to 
expose the superabrasive grains. When the 
superabrasive wheel is trued and dressed 
properly and the application engineering is 
satisfactory, parts of good quality (that is, 
those having the required geometry, surface 
finish, and surface quality) are produced 
with a minimum of grinding power. In a 
properly specified CBN wheel, this situa- 
tion will continue for a number of grinding 
cycles—typically, 50 to 200 cycles in inside 
diameter grinding, approximately one shift 
in cylindrical grinding, and as long as 3 
months in disk grinding. Therefore, the per- 
formance of the superabrasive wheel with 
consistent part quality will depend on the 
operation, but in every case it will involve a 
significantly longer duration than the con- 
ventional abrasive wheels. As a result, the 
conditioning interval for superabrasive 
wheels is much longer than that for conven- 
tional abrasive (which may be as frequent as 
once every cycle to a few times within one 
cycle). This is an important factor because 
frequent conditioning of the wheels may 
render the entire superabrasive wheel appli- 
cation uneconomical. 

Figure 41 illustrates the conditioning 
scheme. A properly trued and dressed CBN 
whecl grinds with a minimum of grinding 
power (point A), which remains constant as 
good-quality parts are produced from the 
beginning. In practice, however, A, or A; 
may be the starting point, and the wheel 
quickly reaches an equilibrium grinding 
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Fig. 4] Diagram showing thot minimum grinding power is required during conditioning interval (line A-B). An 
ge increase in grinding power or force (line 8-C,) con be corrected at point B by precise truing of the wheel 
face (see Fig. 32a) or slight dressing (see Fig. 32c). А gradual decrease in grinding power caused by excessive bond 
wear (line B-C;) can be corrected by precision retruing (see Fig. 32b) of the wheel at point В. 
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Fig. 42 schematic of conditioning needs for maintaining port tolerance 


condition. The wheel wears gradually until 
the point B surface finish changes or until 
burn or a change in geometry occurs. Any 
one of these conditions could lead to an 
increase in grinding power or grinding forc- 
es, as shown by line B-C,. Therefore, it is 
necessary to correct the wheel face at point 
B. This may involve precise truing of the 
wheel face or slight dressing. The precision 
involved and the extent of truing and/or 
dressing depend greatly on the application, 
that is, part size and tolerances required and 
wheel specification. For example, in one 
case, a truing infeed of 1.00 pm (40 pin.) 
was sufficient to restore the geometry in an 
inside diameter grinding application using a 
vitrified CBN wheel. In a resin bond CBN 
wheel for cam grinding, a standard dressing 
cycle (constant dressing time and volume of 
dressing abrasive used) was required once 
every shift. 

If the bond wear is excessive, then at 
point B the wheel could produce parts of 
poor surface finish. This will lead to a 
gradual decrease in grinding power, as 
shown by line B-C;. In this case, precision 
retruing of the wheel will be necessary. 

Therefore, the conditioning interval for 
the operation will be the time duration or 
the number of grinding cycles between 
points A and B. Figure 42 illustrates this 


result with reference to part tolerances. The 
repetitive and predictable nature of the con- 
ditioning interval is a key aspect of super- 
abrasive applications in production grind- 
ing. This strongly depends on wheel 
selection, the initial truing and dressing 
scheme, and the grinding process parame- 
ters chosen. 

From the above discussion, it is observed 
that conditioning of the CBN wheel is a 
high-precision operation. The increments of 
infeed for retruing or dressing are much 
smaller in the conditioning operation than in 
the initial truing and dressing of the super- 
abrasive wheel. It is imperative that grind- 
ing machines have such precision capabili- 
ties (consistent infeed of 0.0025 mm, or 
0.0001 in., or less for retruing) and mechan- 
ical means for dressing. It is also necessary 
to set the machine to the skip dressing mode 
so that the superabrasive wheel is condi- 
tioned only at the preset interval and not 
after every cycle. 
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HONING is a controlled, low-speed siz- 
ing and surface-finishing process in which 
stock is removed by the shearing action to 
the bonded abrasive grains of a honing 
stone, or stick. Honing machines simulta- 
neously apply several sticks (although one 
can be used) mounted on the periphery of 
a cylindrical body to the work surface. The 
usual purpose of honing is to produce 
uniform high accuracy and fine finish. 
most often on inside cylindrical surfaces, 
and in the most common applications only 
a few thousandths of an inch of stock is 
removed although heavy stock removal up 
to 6.35 mm (0.250 in.) can also be cost 
effective. 

In honing, a simultaneous rotating and re- 
ciprocating action of the stone (Fig. la) re- 
in a characteristic crosshatch lay pattern 
(Fig. 1b and c). This combination of motions 
gives the stones a figure eight travel path. For 
some applications, such as cylinder bores, 
angles between the crosshatched lines are 
important and may be specified within a few 
degrees, Because honing is a low-speed oper- 
ation, metal is removed without the increase 
in workpiece temperature that accompanies 
grinding, and thus surface damage caused by 
heat is avoided. 
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In addition to removing stock, honing 
serves the important purpose of generating 
specified functional characteristics for sur- 
faces and involves the correction of errors 
resulting from previous machining opera- 
tions. Functional characteristics generated 
by honing include geometric accuracy (dia- 
metric roundness and straightness, and ax- 
ial straightness), dimensional accuracy, and 
surface character (roughness, lay pattern, 
and integrity). Ten common bore errors 
caused by machining, heat treating, or 
workholding are illustrated in Fig. 2. Hon- 
ing can correct all of thesc conditions with. 
the least possible amount of material re- 
moval. 

The most frequent application of honing 
is for finishing inside cylindrical surfaces, 
but numerous outside surfaces also are 
honed. Gear teeth, valve components, and 
races for ball bearings and roller bearings 
are typical applications of external honing. 
Microhoning, also known as superfinishing, 
microfinishing, superfinish honing, short- 
stroke honing, and microstoning, is closely 
related to honing. Microhoning uses finer 
grit (or grain) sizes (320 to 1200) than honing 
(60 to 600 grit). The primary distinction 
between honing and microhoning is that the 








(a) A honing head containing the abrasive stones, which traverse in o rotary, oscillatory motion. (b) 
Resulting crosshatched lay pattern. (c) Detail of the inside wall of the hole 


tool rotates in honing, while in microhoning 
it is always the workpiece that rotates (see 
Fig. 3). Microhoning is a special honing 
operation in which the bonded abrasive 
stone is subjected to very light pressure and 
a short, high-frequency stroke. 

Honing is generally used to produce sur- 
face finishes in the range of 0.80 to 0.20 pm 
(32 to 8 pin.) Ra, (roughness average) while 
microhoning can be cost effective in pro- 
ducing surface finishes of the order of 0. 10 
to 0.050 jum (4 to 2 pin.) R,. Each method 
can produce even finer finishes, but produc- 
tivity, as a result, suffers. 





Although cast iron and steel are the ma- 
terials most commonly honed, the process 
has been used for finishing materials rang- 
ing from the softer metals, like aluminum 
alloys, to extremely hard materials, like 
nitrided cases or tungsten carbide, Honing 
has also been used for finishing ceramics 
and plastics. 


Process Capabilities 

Bore Size. Bores as small as 1.6 mm (116 
in.) in diameter can be honed. The maxi- 
mum diameter of bore that can be honed is 
governed mainly by the ability of the ma- 
chine to drive the honing tool and accom- 
modate the workpiece. Machines powered 
by motors of up to 37 kW (50 hp) are 
available that can hone bores up to about 
1270 mm (50 in.) in diameter. Honing bores 
up to 760 mm (30 in.) in diameter is common 
practice. 

Bores of almost any length-to-diameter 
ratio can be honed. In oil-well applications, 
holes 32 mm (1% in.) in diameter and 9.8 m 
(32 ft) long (a length-to-diameter ratio of 
307:1) are honed. At the opposite extreme, 
the process has been used for 38 mm aw 
in.) diam arbor holes as short as 0.4 mm (Им. 
in.) (a length-to-diameter ratio of 1:96). 

Bore Shape. Although most internal hon- 
ing is done on simple, straight-through holes, 
blind holes and tapered holes also can be 
honed. It is not feasible to hone the sides of a 
blind hole flush with the bottom; because of 
the two-motion action that characterizes hon- 
ing, some relief must be provided at the end 
of the hole. In holes like engine cylinder 
bores, a minimum relief of 3.2 mm (¥ in.) is 
preferred, although in some operations it has 








e 





Out-of-round Bellmouth 


Waviness 


Undersize Barre! 





Boring 
marks 


JHO 


Reamer 
chatter 


A 





Rainbow 


Misalignment 


Fig. 2 теп common bore errors that can be corrected by honing 


Pressure 


on work 
Oscillation | 


(traverse if necessary) 


— Holder 





-Workpiece 


а) (b) 


Reciprocation — 





Fig. З Principal components and their motion in (o) cylindrical and (b) centerless microhoning 
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been possible to hone within 0.38 mm (0.015 
in.) of the blind end. 

Bores having keyways 
so can male or female splines. 

Stock Removal. In honing, a general rule 
is to remove twice as much stock as the 
existing error in the workpiece. For in- 
stance, if a cylinder is 0.050 mm (0.002 in.) 
out-of-round or tapered, the removal of 
about 0.10 mm (0.004 in.) will be required 
for complete cleanup. 


п be honed, and 








Because honing is seldom economical for 
removing large amounts of stock, preceding 
operations in high-production work are usu- 
ally planned so that the amount of stock 
removed in honing is minimized. On the 
other hand, stock removal of up to 6.4 mm 
(% іп.) may be practical in some applica- 
tions. For instance, as much as 2.54 mm 
(0.100 in.) is honed from the inside diameter 
of hydraulic cylinders, because stock re- 
moval by honing is more practical and eco- 
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nomical than attaining close preliminary di- 
mensions by grinding or boring. In finishing 
the bores of long tubes, even larger amounts 
(as much as 6.35 mm, or 0.250 in.) may be 
removed by honing, because it is the only 
practical method. Such tubes arc finished 
by honing immediately after drawing. In 
these operations as much as 32 000 mm 
min (2 in.*/min) can be removed from soft 
steel surfaces. For steel hardened to about 
60 HRC, the rate of removal decreases to 
about 16 000 mm /min (1 in.*/min). 

Rough honing usually is employed before 
finish honing when large amounts of stock 
are to be removed and specific finishes are 
required. Stones containing abrasive as 
coarse as 80 grit, or even coarser, are used 
for rough honing to obtain maximum rate of 
stock removal. Finish honing would use 
abrasives of 180 to 320 grit, or finer. 





Honing Versus Other Processes 

For some shapes, honing is the only prac- 
tical means of attaining the required accu- 
racy. A typical example is holes whose 
length greatly exceeds the diameter. For 
finishing these holes, grinding is precluded 
because of the long spindle overhang, and 
lapping is excessively tedious and expen- 
sive. 

When inside diameter approaches or ex- 
ceeds bore length, acceptable results can 
often be produced by either grinding or 
honing. A choice between the two methods 
then depends on cost, on availability of 
equipment, and sometimes on established 
policies within a plant. Figure 4 compares 
typical ranges of surface finishes obtained 
by honing and microhoning to other com- 
mon production finishing processes. 


Machines 

When only a few parts are to be finished 
and operators are skilled, parts can be 
honed successfully on a drill press or an 
engine lathe, on which arrangements can be 
made for simultaneous rotating and recipro- 
cating motions. Vertical drill presses have 
often been used to drive honing tools. The 
tool is mounted in the chuck, and the work- 
piece is fixtured in such a way that it can 
float. The spindle provides rotary motion. 
and the reciprocating motion (stroking) can 
be done manually or by power, depending 
on the equipment. Feed-out of the honing 
stones is necessarily a manual operation. 
Various types of lathes and boring mills also 
have been tooled for honing. For some 
applications, portable machines like electric 
drills have been used to rotate the honing 
tools, while stroking is done manually. Por- 
table machines are used for honing bores in 
structures (such as mill or refinery equip- 
ment) that are too large to be transported to 
ationary machine. The bores honed need 
not be large: holes ranging from 65 to 510. 
mm (2% to 20 in.) in diameter have been 
honed using portable machines. 
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Fig. 5 Vertical single-spindle hydraulic machine for honing long, large-diameter bores 


Most production honing, however, is 
done with machines built for thc purposc. 
These machines are available in a wide 
range of sizes and designs, in both vertical 
and horizontal types. 

A vertical spindle honing machine resem- 
bles an upright drill press or boring machine 
(Fig. 5). The machine normally incorporates 
a mechanism not only to rotate but also to 
reciprocate the honing tool or tools and 
expand the stones until size is reached. It 
may have a single spindle or a number of 
spindles for production, similar to a vertical 
boring machine. An example of eight-spin- 
dle honing machine capability is the remov- 
al of 0.010 mm (0.004 in.) of stock in each of 





eight cylinders in 30 s to a tolerance of less 
than 0.01 mm (0.0005 in.). 

Typical for larger work, the tool is rotated 
and reciprocated by the head on the end of 
the bed of the horizontal hydraulic honing 
machine. Such a single-stroke horizontal 
honing machine with a 3.7 m (12 ft) spindle 
travel would be used to finish 105 mm (4.13 
in.) gun barrels. Machines like this have 
been made with strokes up to approximate- 
ly 25 m (80 ft) to hone holes over 990 mm (39 
in.) in diameter. 

Special machines that drive the honing 
tools at an angle are frequently used for 
honing bores in V-engine blocks. For high- 
production honing of similar parts, instal- 
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P Typicol manual-stroke honing machine em- 
Fig. 6 „уе automatic size control. Functions of 
components listed оге described in the text. А, heavy 
Cutting pressure control; B, spring; C, lever; D, feed 
Screw) E, collar; Р. light cutting pressure control, G, 
spring; Н, lever; J, rod-and-fork assembly; К, foot 
pedal; L, M, and N, feed arm; О, honing stone expan- 
sion link; P, feed-out dial; Q, workpiece; R, honing dial 


lations may even include automatic gag- 
ing. 

Some honing machines require manual 
stroking of the workpi others have pow- 
er-stroking mechanisms. 

In manual stroking, the machine rotates 
the tool at a preestablished speed while the 
workpiece has free lateral movement and is 
stroked back and forth over the tool. These 
machines may be equipped with devices for 
controlled feed-out of the honing stones. 

Figure 6 illustrates and identifies impor- 
tant components of a typical manual-stroke 
honing machine. In this machine, feed-out 
and subsequent size control are accom- 
plished by spring loading. Simpler machines 
of this general type are available that use 
manual feed-out. Functions of the machine 
components shown in Fig. 6 are described 
below. 

Setting heavy cutting pressure control A 
preloads spring B to the desired honing 
pressure in the heavy range (for roughing 
and stock removal on larger bores). The 
spring force, through lever C, forces feed 
screw D to the left until stopped by collar E. 

When relatively light cutting pressure is 
required (as in small-bore honing and finish- 
ing operations), heavy cutting pressure con- 
trol A is turned all the way counterclock- 
wise, thus entirely unloading spring B. 
‘Then, setting the light cutting pressure con- 
trol F preloads spring G, through lever H, to 
the desired honing pressure in the light 
range. This spring pressure forces rod and 
fork assembly J to the left, which in turn 
forces feed screw D to the left by acting on 
collar E. The resultant action on feed screw 
D is the same as that produced by heavy 
cutting pressure control A, except that forc- 
es arc much lighter. 





Depressing foot pedal K causes feed arm 
L-M-N to pivot around point L and advance 
the honing stone expansion link O by a fixed 
amount. Clockwise rotation of feed-out dial 
Palso advances the honing stone by moving 
point L to the left with N as a pivot, 
advancing link O until the honing stone 
contacts workpiece Q. 

Additional clockwise rotation of feed-out 
dial P cannot expand the honing stone fur- 
ther, and points L, M, and N remain fixed. 
However, this additional rotation mov 
feed screw D to the right and "compresses'" 
either spring B through level C or spring G 
through rod-and-fork assembly J (depend- 
ing on which cutting-pressure control is 
being used). This endwise movement of 
feed screw D to the right also actuates 
honing dial R. The reading on this dial now 
shows the amount of stock to be removed, 
which was preselected by advancing feed- 
out dial P. 

During the honing operation, either 
spring B or spring G (depending on which 
cutting-pressure control is being used) acts 
on feed screw D through its respective 
linkage and causes points L and М, as well 
as link O, to move to the left, thus forcing 
the honing stone outward under the preset 
honing pressure. As the diameter of the 
honed hole gets larger, feed screw D moves 
to the left until honing dial R registers zero, 
at which time the honing is stopped by 
releasing foot pedal K. The work is now 
ready for gaging. 

The operating cycle is repeated from part 
to part. The honing tool expanding mecha- 
nism is set for size on the first part and, 
except for a slight advance of the stone to 
compensate for wear, additional parts re- 
quire no resetting of controls. 

In power stroking, the workpiece usually 
is held stationary in a rigid fixture, while the 
honing tool (which is generally powered 
hydraulically) is rotated and reciprocated. 

Length of workpiece often dictates wheth- 
er a vertical or a horizontal machine can be 
used. Vertical machines are often preferred 
because they permit ier fixturing of work- 
pieces. Also, it is easier to obtain straight 
holes when vertical machines are used. Ver- 
tical machines have been built that can hone 
workpieces 1.8 m (6 ft) long, but these ma- 
chines are 7.0 m (23 ft) high—a practical limi 
Workpieces longer than 1.8 m (6 ft) (even this 
length is unusual for vertical stroking) arc 
stroked on a horizontal machine. As on ver- 
tical machines, the workpiece usually re- 
mains stationary while the tool rotates and 
reciprocates, although there are numerous 
instances in which it is advantageous to rotate 
the workpiece. For example, in honing bores 
in long tubes that are held stationary during 
the operation, occasionally the entire finished 
bore is slightly off center. The error is caused 
by the weight of the honing head and driving 
shank; it is corrected by rotating the tube 
during honing. 
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stroke honing 
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Feed-out of the honing stones can be 
controlled manually, but automatic control 
is more common in production honing. Ei- 
ther hydraulic or pneumatic force can be 
used to keep a predetermined constant pres- 
sure on the honing stones. Some machines 
employ an electromechanical means, which 
feeds out the stones at a constant rate 
instead of under constant pressure. 


Selection of Machine 

Size and shape of the workpieces are 
usually the major factors that determine 
whether manual or power stroking is more 
appropriate. However, the quantity of sim- 
ilar pieces to be honed, tolerance require- 
ments, availability of equipment, availabili- 
ty of skilled operators, and specific plant 
policies also affect the choice of honing 
method and subsequently the choice of ma- 
chine. 

Manual stroking is widely used and often 
preferred for parts that an operator is able 
and permitted to hold. Most bores honed by 
manual stroking are 25 mm (1 in.) in diam- 
eter or less, although bores up to about 127 
mm (5 in.) diameter (and even much 
larger. in rare instances) have been success- 
fully finished. Bores up to about 460 mm (18 
in.) long have been satisfactorily honed by 
manual stroking. 

Supports may be used for workpieces 
that are too heavy or cumbersome for an 
operator to hold (Fig. 7). However. sup- 
ports are practical only for honing a few 
parts of a kind, as in the reconditioning of 
tools by honing. 

Manual stroking may be used in prefer- 
ence to power stroking for large quantities 
when tolerances are extremely close and 
size and shape of the workpiece permit. 
One advantage of manual stroking is that 
workpieces need not be fixtured, which 
reduces tooling investment and permits im- 
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Table 1 Grit sizes and 
corresponding particle sizes used in 
honing 





Г Average particle size | 





Grit size im in. 
Жз ч 710 0.0280 
46 .. SOK 0,0200 
54 ж 430 0.0170 
60 406 0.0160 
70 E 0.0131 
80. 266 0.0105 
E эйнек аде: 206 0.0085 
100 .. у 173 0.0068 
120 142 0.0058 
150. 122 0.0048 
180 " 86 0.0034 
220 ы à 66 0.0026 
240 * 63 0.00248 
280 i r 44 0.00175 
320 32 0.00128 
400 : survie A 0.00090 
500 16 0.00065 
600 И «н» A 0.00033 


Source: Metcur Research Associates Inc. 





mediate changeover from one job to anoth- 
ег, 

Because manual honing is controlled 
largely by the operator, who can instantly 
gage the part he holds. closer tolerances 
often can be obtained. ‘Techniques used to 
obtain the accuracy required include end- 
for-end reversal of the workpiece. change of 
stroke length, and quick hone-and-try. 
Also, when various areas of a given part 
require differing degrees of correction (be- 
cause of bellmouth, taper, or other irregu- 
larities). the operator can favor those areas 
as stroking proceeds. 

Manual honing is sometimes used as an 
adjunct to power honing in high production, 
Most of the honing is done by power, after 
which the final touch for tolerance of finish 
is achieved manually by skilled operators. 

Power stroking can be used for honing 
virtually all types and sizes of workpieces. 
In high production of small parts, power 
stroking may prove more economical than 
manual stroking. Valve lifters are typical of 
small parts that are power stroked when 
production quantities are high (in excess of 
50 000). Power stroking and fixtured honing 
are required for workpieces that exceed the 
size or weight that can be handled manual- 


ly. 


Honing Stones 

Honing stones (known also as honing 
sticks) consist of particles of aluminum ox- 
ide, silicon carbide, or diamond bonded 
together with vitrified clay, resinoid, cork, 
carbon, or metal. The abrasive particles, or 
grits, which provide the cutting action, must 
be able to withstand the pressure required 
for removing metal. The bond must be 
strong enough to hold the grit, but it must 
not be hard enough to rub the bore and thus 
retard cutting. The hardness and type of 
bond are indicated by code letters in the 
identification of the stone. The porosity of 
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Table 2 Stone selection for honing internal diameters on a variety of materials 





















































[C Burr and rough hone = Stock removal Tinish 
Stone Grit ! р ‘Stone Grit 1 j Stone ! 
Material тура) size Stone hardness) бурча) size Stone hardness(b) type sue Stone hardness(b) 
Аре Бете DA 150 Extremely hard D 150 Medium hard D 600 Medium hard 
Alnico .....- UK 150 Extremely hard B 100 Medium soft c 500 Medium soft 
Aluminum. e A 150 Extremely hard с 200 Medium soft c 500 Medium soft 
Aluminum, hard coat... =) 150 Extremely hard с 220 Medium soft € 500 Medium soft 
Boron carbide A 150 Extremely hard € 150 Medium hard D 600 Medium hard 
Brass (yellow) . LA 150 Extremely hard С 280 Medium soft € 400 Soft 
Bronze (soft) A 150 Extremely hard e 280 Medium hard с 400 Medium soft 
Carbon A 150 Extremely hard с 280 Soft & 500 Soft 
Cast iron. . . ТА 150 Extremely hard с 20 Medium hard C 500 Medium soft. 
Cemented carbides ТА 150 Extremely hard D 20 Medium hard D 600 Medium hard 
Ceramics. .... ТА 150 Extremely hard D 150 Medium hard D 600 Medium hard. 
Chilled iron .. ТА 150 Extremely hard с 280 Soft с 500 Soft 
Hard chromium plate... A 150 Extremely hard D 150 Medium hard c 400 Soft 
Porous chromium plate... . . A 150 Extremely hard A 150 Soft c A00 Soft 
Chrome carbide. . A 150 Extremely hard D 180 Medium hard. D 600 Medium hard 
Colmonoy A 150 Extremely hard D 150 Medium hard D 600 Medium hard 
Copper A 150 Extremely hard c 280 Soft с 500 Soft 
Glass ые 150 Extremely hard D 220 Medium hard D 600 Medium hard 
Gold ^ 150 Extremely hard с 280 Soft c 400 Soft 
Inconel A 150 Extremely hard B 100 Medium soft É 500 Medium soft 
Lucite A 150 Extremely hard с 280 Soft @ 500 Medium soft 
Magnesium, ... ^ 150 Medium hard @ 220 Medium soft с 500 Medium soft 
Malleable iron ^ 180 Extremely hard Ç 220 Medium hard С 500 Medium soft 
Molybdenum . А 150 Extremely hard. A 150 Extremely hard с 500 Extremely hard 
Monel metal A 150 Extremely hard А 220 Medium hard € 500 Medium soft 
Niobium ..... ТА 150 Extremely hard A 220 Extremely hard c 500 Medium hard 
Nitralloy 

Before nitriding... ud 150 Extremely hard A 220 Medium hard с 500 Medium soft 

After nitriding . DA 180 Medium soft B 100 Medium soft C 500 Soft 
Porcelain... аз a D 150 Medium hard D 150 Medium hard D 600 Medium hard 
Rexalloy and similar cemented and 

cast cutting tool materials. . D 150 Medium hard D 150 Medium hard D өю Medium hard 
Rubber, hard... ‹ 150 Medium hard € 280 Medium soft Га 400 Medium soft 
Silver... Wwe 150 Medium soft с 280 Soft С 500 Soft 
Steel, hard . ^ 150 Extremely hard B 100 Medium soft с 500 Soft 
Steel. soft... A 150 Extremely hard A 20 Medium hard С 500 Medium soft 
Steel, high speed... A 150 Extremely hard A 280 Soft с 500 Soft 

e 280 Soft B 400 Medium soft 
B 100 Medium soft 

Steel, soft stainless. ,.. ^ 150 Extremely hard A 200 Medium hard c 500 Medium soft 
Steel, hurd (over 60 HRC) A 150 Extremely hard B 100 Medium soft с 500 Soft 
Stellite. pa ТА 150 Extremely hard R 100 Medium soft g 500 Soft 
Titanium . ТА 150 Extremely hard A 20 Medium hard c 500 Medium soft 
Tantalum 20 150 Medium hard D 150 Medium hard D 600 Medium hard 
Titanium c .D 150 Medium hard D 150 Medium hard D 600 Medium hard 
Tungsten carbide D 150 Medium hard D 150 Medium hard D 600 Medium hard 
Tungsten, pure ..... ум ала А 150 Extremely hard. A 220 Extremely hard с 500 Medium hard 
Vanadium, chrome steel alloys LA 150 Extremely hard с 400 Soft с 500 Soft 
Wrought iron... i A 150 Extremely hard A 20 Medium hard. € 500 Medium soft 


{uy Abrasive type: A, aluminum oxide: B. cubic boron nitride (metal bonded): C. silicon carbide: D. (metal bonded). (h) The term extremely hard denotes stones approximately in grades Q to 
imately in grade L: soft denotes stones approximately in grade H. Stones with different surface arcus shoul 


hard denotes stones approximately in grade P; medium soft denotes stone» appro 
have taken size differences into account, making il unnecessary to select different grades to compensate for surface area. 


grades Wu have the same effective hardness. Some honing stone manufacturers 





Consulting suppliers is recommended. Source: Metcut Research Associates Inc. 





medium 
be ot different 





the honing stone, which facilitates chip 
clearance and minimizes heat generation, is 
controlled during molding. 

Grit size may range from 36 to 600, but 
120 to 320 is the range most widely used 
(see Table 1). Suitable sizes are available 
for every type and size of bore honed. 

Selection of grit size depends mainly on 
the desired rate of metal removal and the 
required finish. Coarse grit removes metal 
faster, but results in a rougher finish. For 
this reason, rough honing followed by finish 
honing is often economical. In some plants, 
stones of different grit sizes are alternated 
to obtain a compromise. The value of this 
practice is controversial, but it has been 
found that by alternating 150-grit and 180- 
gril stones on the same tool, cutting action 











approached that of 150 grit and surface 
finish approached that normally obtained 
with 180 grit. 

Selection of abrasive depends mainly on 
the composition and hardness of the metal 
being honed, the finish required, and cost 
factors. Typical abrasives for honing vari- 
ous metals are listed in Table 2 according 
to surface finish; parameters needed to 
hone various metals and alloys according 
to hardness are listed in Table 3; parame- 
ters needed to hone nonmetals are shown 
in Table 4. 

Table 5 lists guidelines for selecting alu- 
minum oxide, silicon carbide, cubic boron 
nitride (CBN), and diamond and shows 
typical cutting speeds and stone pressures 
for these abrasives. Abrasive selection for 





honing in terms of workpiece material 
alone is: 


* Aluminum oxide is widely used on steels 

* Silicon carbide is generally used on cast 
iron and nonferrous materials 

* Cubic boron nitride is used on all steels 
(both soft and hard), nickel- and cobalt- 
base superalloys, stainless steels, other 
alloys such as beryllium copper, and met- 
als such as zirconium 

* Diamonds are used on chromium plate, 
carbides, ceramics, glass, cast irons, 
brass, bronze, and surfaces nitrided to 
depths greater than 0.03 mm (0.001 in.) 


Table 6 provides detailed information on the 
honing of specific materials with cubic bo- 
ron nitride. 
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Table 3 Operating parameters for honing metals and alloys using power or manual stroke 





Honing stone 




























































material 
Grit size, for surface roughness (&,). pm (qin.) — — — — Spinate motion —— Working 
ааваа 018-025 omaso 083-0.75 >07) |— Rotation speed Reciprocation speed | presure Cutting 
Hardness, НВ Турна) ws) (6-10 -20 — QI-M) — (3)  ' mmi sim mémin sm ! kPa рї fuite) 
Carbon and alloy steels, wrought or cast 
100-300 . AorB Q 600 500 320 220 180 30-91 100-300 18-010 276 40 ^ 
300-400 . AorB Q 500 500 320 220 180 27-84 90-275 16-100 276 40 А 
-52 HRC Aor B. N 500 400 220 120 24-76 к0-250 14-90 414 60 А 
52-58 НЕС... AoB К 500 320 120 120-2369 75 nao 517 75 А 
58-60 HRC BorA 1 400 280 po 120 20-69 65-205 11-75 517 75 А 
>60 HRC BoA П 320 220 120 120 18-56 60-188 10-68. 690 100 ^ 
Tool steels, wrought 
150-300 AorB Q 600 500 320 220 180 234 75-210 440-23 13-75 345 50 A 
300-400 AorB N soo 500 320 20 180 21-681 70-90 37-2 0-3 345 50 А 
45-52 HRC AorB N 400 320 220 150 120 20-55 65-180 34-20 11-65 517 75 А 
52-58 НЕС... Aor B K 400 280 220 150 120 15-46 50-150. 9-55 690 100 ^ 
>60 НКС . BorA 1 320 220 180 120 120 15-46 50-150 9-55 830 120 А 
Stainless steels, wrought and cast 
135-315. LAB О өю 500 320 280 180 20-76 5507 1890 276 40 А 
315-420 AorB N 500 500 320 220 150 26-72 4.6-26 15-85 276 40 А 
-52 НЕС... eo AorB N 500 400 250 220 150 21-67 317-24 12-80 414 60 А 
8 НЕС....... Aor B D 500 320 220 150 120 15-61 50-200 27-23 9-75 517 75 А 
Gray, ductile, and malleable cast iron 
110-315 . CoD Q о 500 320 220 180 — 365-100 — 120-30 64-365 21-120 276 40 В 
315-420 . CoD Q 500 500 320 20 IN) — 26-91 15-110 26 4 B 
45-52 HRC CoD N 500 400 320 220 120 20-67 nao 44 € B 
Austenitic (Ni-Resist), gray, and malleable cast irons 
100-270 ЖЫ CoD Jos E 400 280 220 00 3868.5 ою м5 50 A 
Aluminum alloys, wrought and cast 
30-450 (500 kg. or 
1100 th) CoD L w 500 400 280 20 156 S020 27-23 #15 276 40 ^ 
Titanium alloys. wrought 
110-215. -CorD м 600 500 400 280 IND зы o 50-200 27-23 975 2% W А 
315-440. -CoD N 500 500 400 280 180 9-46 30-180 1.5-16.5 5-55 414 e A 
Copper alloys, wrought and cast 
40-200 (500 ки, or 
1100 Ib) Cord 1 600 чю 500 320 i80 15-76 56280 27-27 9-90 в 40 А 
Nickel alloys, wrought and cast 
80-315 -AorB J 600 E 400 280 IM — 30-76 100-980 5527 18% 276 40 А 
Nickel alloys, wrought and cast 
315-420... AorB J 500 E] 400 220 IND — 27-69 90-2258 49-04 1680 2706 40 А 
45-52 HRC........ A or B J 500 A00 320 20 0 мы 80-200 4323 М5 58775 A 
High-temperature alloys, wrought and cast 
200-315 „Сор J 500 оо 320 280 180 — 24-61 0200 зз 1475 44 60 А 
315—475 „Сог J 500 400 320 280 180 15-49 50-160 23-18 9-60 414 60 А 
Refractory alloys 
180-320. . .AorB Q 500 400 320 280 180 15-61 50-200 27-23 9-75 414 60 А 
Chromium plate 
Hard asmenis LAD L 320 280 120 -91 90-300 49-315 16-110 690 100 A 


(a) Abrasive type: А. aluminum oxide; B. cubic boron nitride (metal bonded): C. 
hard (О, P. Q. К. and S). (c) Honing fluid: A, 70% kerosene-NF/ sulfurized or chlorinated oil: B. kerosene. 








tal bonded). (bi Abrasive grade soft (F. G. Н, and D: medium (J. К. 1.. М. and Ni: and 
source: Metcu! Research Associates Inc 





Aluminum oxide and silicon carbide 
stones are comparable in initial cost. How- 
ever, one may be more economical than the 
other because of increased service life. 

Diamond stones initially cost up to 20 
times as much as aluminum oxide or sili- 
con carbide stones, depending on diamond 
concentration and thickness of abrasive 
layer. Diamond stones are almost manda- 
tory, however, for honing extremely hard, 
wear-resistant materials such as tungsten 


carbide or ceramics. For honing nitrided 
cases or chromium plate, diamond stones 
have often been more economical on the 
basis of metal removed per unit of time. 
Table 7 lists parameters associated with 
single-stroke honing when using diamond- 
plated tools 

Designations. An abrasive marking sys- 
tem that applies to both grinding wheels and 
honing stones has been established by the 
abrasives manufacturers. Details of this 











system are given in the article "Grinding 
Equipment and Processes" in this Volume. 
The four most significant characteristics are 
type of grit. grit size, hardness grade, and 
type of bond. These characteristics are 
identified by letters and numbers in the 
above order. For example, an aluminum 
oxide stone having а grit size of 180, a grade 
of R. and a vitrified bond is identified as 
A-I80-R-V. This method of stone designa- 
tion is used in this article. 











478 / Grinding, Honing, and Lapping 


Table 4 Selection of honing stone gri: 
or manual-stroke operations 





izes for nonmetals using power 





Honing stone material 


— Grit size for surface roughness (R,), pm in.) —— 











Gradetb) 0005-0125 015-825 0.30-0.50 0.53-075 s! 

Material турш) АМ апа 150 01-51 (4-10) — (11-20), 01-30) (>30) Working pressures 
Glasses weal 5 600 400 280 220 150 Heavy, roughing 

D P 400 280 220 150 Normal 

D L 400 EJ 150 EE -- Light, feathering out 
Ceramic A 5 ^ 600 400 280 Heavy, roughing 

D Р өю 400 280 200 Normal 

D 1 600 400 280 200 1S0 — Light, feathering out 
Carbide. ^ 5 600 400 280 20 150 roughing 

D Р 600 am 280 20 150 

р L 400 280 20 150 ** Light, feathering out 


Go Abrasive type: A, aluminum oxide: D. diamond (bonded metali. 
Research Associates Ins 


(b) Abrasive grade: medium (L): hurd (P and SI. Source: Metcut 





Tools 

A phenomenon of honing that makes it 
possible to develop a round. straight bore is 
the relationship of the cutting faces of the 
stones to the surface being honed, which is 
completely independent of the machine. The 
fact that either the tool or the workpiece 
floats (see Fig. 8) enables the tool to exert 
equal pressure on all sides of the bore, regard- 
less of vibration in the machine or its environ- 
ment, 

Except in special cases, such as with the 
square-axis requirement described next, 
honing will not change the axial location of 
a hole. The centerline of the tool follows the 
neutral axis of the bore as established by 
previous operations; the tool or workpiece 
must float so that the bore and the tool may 
align themselves. If practical, the work- 
piece should be mounted in a fixture that 


Table 5 Guidelines for selecting honi 


permits it to float. If the part is too large or 
unbalanced to float, however, the tool 
should be designed with universal ball 
joints. The fixtures must be designed to 
locate the workpiece approximately in line 
with the machine spindle and take thc 
torque and axial thrust of the tool without 
distorting the workpiece. 

For bores that must be held square with 
an end surface, the part location method has 
been developed. In this technique, both the 
tool and fixturing are rigid. The workpiece 
is slipped over the tool and automatically 
aligned with it before clamping. 

Honing tools differ in design depending 
on whether they are to be used with manual 
or power stroking. 

Manual Stroking. In manually stroked 
honing, the tool is rotating around a fixed 
axis, but the work has free lateral motion 





ng abrasives 





Abrasive type Applications 


‘Cutting speedia) Honing stone pressuretb) 
тта мт kPa psi 





Low cost, lowest hardness. 
soft or hard but rough. stri 
materials; ordinary steels: 
nonferrous alloys. Wear ra 


Aluminum oxide САБО) 





Used for both 5-30 16-100 100-400 15-60 
ingy 

and some 

atio is 5:10. 





Good for deburring, interrupted cuts. 
poorly qualified bores, and scale and 


weld distortions 


Silicon carbide (SiC) Low cost. U 





cd for either soft or 


5-30 16-100 100-400 15-60 





but brittle materials or low 


shear-resistant materials. Re: 





more uniform surface finishes. 
Frequently used for finishing. Widely 


used on cast iron 


Cubic boron nitride High cost, R 





id cutting and lor 


35-90 110-180 40-20000) 60-300(c) 





stones. Wear ratio is usually 800-1200. 
Low noi: 


levels. Used for 








г hard steels, 


stellites. nickel- and 
ase alloys, and superalloys. 


Minimum speed is 75m‘min (250 sfm) 


when honing mild steels (AL 


1015-1026) 
High c 

ceram 

long life 


Diamond. 








st. Used for tungsten carbide. 
s. glass, and cast iron. Very 





40-80 130-260 600-1200 85-170 


(a) Cutting speed is the combination (vector sum) of axial and peripheral speed. The crosshatch angle generally runs between 45° and 


80" some evidence indicutes the best removal rates come at 60° to 75 
bores (64 mm. or 202 in.) is: optimum revimin 
тїп (300 sfm). For small diameters, use safer lower speeds shown in 





А convenient starting peint for any abrasive is the low end of the pressure range. To improve productivity. trial 


Г. A convenient way to arrive ul a good for large-diameter 


30 000:diam in mm ог I29kVdiam in in. These values represent approximately 9 m 


Table 3. (b) These values represent conser 





ive starting values. 
successively higher 





Pressures should be made until the stone wears too rapidly. (c When substituting CBN abrasives for conventional abrasives, a 


Convenient starting point is at Уа of the pressure used with the former 
rapidly. Source: Metcut Research Associates Inc 


abrasive, and then increase the pressure until the stone wears too 





and is effectively guided by the honing 
mandrel. A tool for manual stroking con- 
sists of one or more abrasive stones. a 
mandrel and a wedge, and guide shoes. The 
simplest type is illustrated in Fig. 9(a) and 
(b). The purpose of the unequal angular 
spacing of the stones with respect to the 
shoes (Fig. Ya) is to facilitate removal of 
stock from the high spots until roundness is 
attained. The wedge. which controls feed- 
out of the stone, can be actuated manually 
or by an automatic mechanism such as that 
shown in Fig. 6. The two parallel shoes 
(Fig. 9b) stabilize and guide the workpiece. 
Because the shoes wear very slowly, align- 
ment with the bore is maintained. Shoes are 
made of materials that are wear resistant 
with respect to the workpiece material. 
Bronze. cast iron, steel, or even plastics 
have been used. Sintered shoes made by 
powder metallurgy can retain oil. 

Honing tools of the type illustrated in Fig. 
9 are available for honing bores with diam- 
eters from 1.6 to 100 mm (“16 to 4 in.). Tools 
for manual-stroke honing of long bores (up 
to 460 mm, or 18 in.) have two or more short 
stones mounted in line, as shown in Fig. 
е). Tools and stones should be long 
enough to permit bridging of common irreg- 
ularities (Fig. 10). 

fools incorporating modifications of the 
design shown in Fig. 9 are available for 
honing holes having surface irregularities 
such as keyways (Fig. 11а) and for honing 
blind holes with and without relief (Fig. 11b 
and c). When honing blind holes, stone and 
shoe should be of equal length and shorter 
than the depth of the hole. In Fig. 11(b) and 
(c) stone and shoes have been equally 
shortened to ensure uniform wear. Note the 
shoc clearance at the blind end. 

Power Stroking. Heavier workpieces, 
which, because of their bulk and weight, are 
not adapted to free floating, are honed with 
power-stroked heads whose shafts, which 
provide the connection with the rotating 
and reciprocating machine spindle, are 
equipped with a set of universal joints 
Tools for power stroking (fixtured honing) 
usually have stones spaced at equal distanc- 
es around the circumference and may or 
may not include guide elements (Fig. 12). 
Expanding cones (Fig. 13) control feed-out. 
Although the cones may be actuated manu- 
ally, they are usually actuated automati- 
cally by constant-pressure or constant- 
feed methods. As in manual stroking, the 
tool may incorporate numerous modifica- 
tions, depending on the application. 

Figure 12 shows a typical tool used in 
fixtured honing. Tools of this type are used 
for multiple-spindle honing of parts such as 
motor blocks. For this application, tools 
must be self-aligning because it is impossi- 
ble to align each cylinder bore with each 
spindle centerline. Therefore, each tool in- 
corporates a double universal joint. The 
nonabrading guides that are placed between 














Table 6 Operating parameters when honing with cubic boron nitride 
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Stone wear rate per 





Surface 














































0.025 mm (0.001 in.) Pressure on stone Spindle 
Hardness, Stock removal rate of stock removal Diameter surface speed, roughness (t) 
Material НЕС mmm юта тт in, mm in Honing oi) kPa Pb nevmin ит ain. 
1855 soderfors 16 Hard ois 0007 0.0050 — 0.0002 0470 5 24 MB-30 330 120 or з 50 
м. ЖЕ Нага 0.06 0.0025 0.0008 0.00003 190 44 P4 — MB30 0 125 60 063 25 
M4, Hard 0.14 0.00549 0.0030 0.00012 0750 44 MB-30 1300 190 аю 075 30 
M4 Hard 0.04 0.0016 0.0015 0.00006 0.700 63 MB-30 1720 250 1270 0.38 15 
рз, 61-63 (I$ 0006 00013 0.00005 0437 23 МАМ-852 2070 300 1600 oon 
D7. nion Hard 0.11 — 0003 0.0036 0.00014 0780 3 2000 290 B0 05 20 
440C stainless. ...- 59-62 0.05 0000 0.0018 0.00007 2247 50 *0 105 400 оз 7 
M2. 60+ 0.06 00025 0.0018 0.00007 1280 75 3 1380 200 310 ] 
M2 * x&v Hard 0.08 0.003 0.0056 0.00014 1.250 ш 4 1380 200 230 
Inconel 718. Soft 0.04 0.0016 0.0050 0.0002 7.5 0.300 ns 5 2480 зч) 1600 0.38 15 
нз... % 0006 0.00025 боз 0003 6 250 455 18  MB30 Light Light 20 058 23 
Source: Metcut Research Associates Inc 
Table7 Single-stroke honing with diamond-plated tools 
‘Stroking feed per revolution at stroke rate, mm/min (in./minka) —— — — — 

Workpiece diameter Spindle speed, po юзе — р — M 039 5000 (200) 
mm in revimin mmmin йыт inmin! — "mmm атп Results 
=10 Sus 3000 0.51 0.76 0.030 0.045 1.70 0.067 Slow production 
мыз Ye 2400 0.64 091 0.036 0.056 zn 0.083 Best operation 
1316 #-% 1900 оз! 149 0.047 0.071 2.67 0.105 Best operation 
16-19% 1500 102 1.52 0.060 0.089 338 0.133 — Fast production, 
1925 Yel. . 1200 127 191 0.075 0.112 424 0.167 but caution is advised 
25-02 1-1. 950 1.60 241 0.095 0.141 ee Do not use. 
PA ers 750 201 3.02 0.119 0.177 Do not use. 
41-51 19-2, 600 2.84 381 0.150 Do not use 





(a) One stroke into and out of u bore can achieve respectable removal rates (0.025 to 0.038 mm, or 0.001 to 0.0015 


10.050 to 0,63 jum, or 20 to 25 pin., „у when a crowned. adjustable, 











220-grit. plated-diamond hone is used on cast 





‘on the diameter, close tolerances (2 0,0025 mm. or 0.0001 in.) and reasonuble finish 





the stones (Fig. 12) are kept within 0.50 to 
0.75 mm (0.020 to 0.030 in.) of the cylinder 
wall to prevent excessive eccentric wear of 
the stone, which will cause out-of-round- 
ness or other deviations in bore shape. 
Figure 13 shows a typical tool assembly 
for honing large-diameter bores. In this as- 
sembly, which was used for honing a bore 
1040 mm (41 in.) in diameter, the stones are 
mounted in a holder that will accept as 
many as four stones in line. Each stone is 
200 mm (8 in.) long, making the total effec- 
tive length 810 mm (32 in.). Depending on 
bore size, up to 24 stone holders can be 
spaced around a tool of this type (although 
12 holders are indicated in Fig. 12). Because 
this tool is used on a single-spindle ma- 














[ 


workpiece „ш 








(a) Ы 
Fig. 8 (2) Тоо! ог (b) the workholding fixture floats 
9. S is permit the bore and ће tool to align. 


chine, no universal joints are needed. Guide 
elements are seldom used with this type of 
tool, but in horizontal honing of long bore: 
outside support of the spindle (drive shaft) 
may be required. 

In power stroking, the honing stones 
must be encased to prevent wcar on the tool 
body and to permit quick changing of worn 
stones. The material used for mounting the 
stones must not damagc the bore surface by 


Wedge - -Stone спо holder 





Workpiece 


Mancrel -^ 





-Front stone 





Manarel 


scratching or spalling. Two widely used 
types of holders are shown in Fig. 14: (a) a 
stone mounted in a plastic holder and (b) a 
stone cemented to a metal die casting. 

The body of the honing tool must have 
open areas that permit a copious flow of 
honing fluid around the abrasive stones 
during honing. These open spaces, both 
axial and radial, are evident in the tool 
shown in Fig. 12. 








Stone ang ho der 





(b) 


Rear stone 2 Tension block 
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00802 


Shoe- 
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Fig. 9 


Mancrel 


Tools for monual-stroke honing. (a) End view showing how sell-olignmen! is provided by three-point 
contact of shoes and single honing stone with bore. (b) Exploded view showing how axial displacement of 


wedge controls the feed of the honing stone. (c) Manual-stroke honing tool with two stones; on tools for honing longer 


bores (up to 460 mm, or 18 





as many as five stones can be mounted in line 
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Tool used for power-stroke (fixtured) hon- 
ing of automotive cylinder bores 


Fig. 12 





























Misa ignea "arde beres 





Common irregularities that dictate mini- 
mum length of honing tool and stone 


Fig. 10 


Part Location Method. The principles of 
a proprietary system of work location for 
ensuring dependable alignment between the 
fixed honing tool axis and the hole, in a 
firmly ped workpiece, are shown and 
described in the diagrams in Fig. 15. This 
system avoids reliance on a floating motion, 
which is accompanied by some friction: the 
workpiece is located by aligning its hole 
with the honing head and is clamped only 
after the necessary aligning adjustments 
have taken place. Connecting rods and a 
variety of other short bore parts are suc- 
cessfully honed individually in a two-posi- 
tion air-float fixture, as illustrated. The part 
is inserted and approximately located in the 
fixture at the load position. 

The part location method allows the 
workpiece to be positioned concentric with 
the tool before it is clamped. The part is 
manually indexed into hone position on a 
thin cushion of air. The tool is then moved 
into the part bore, and the abrasives are 
expanded, moving the part into final hone 
position. The tool is stationary at this time, 
and the part is then clamped. 

This type of location, when used with a 
rigid tool having no universal action, creates a 
better geometry. The clamp is brought down 
on the part with a confirming surface to 
compensate for any out-of-parallel condition. 

This type of clamping eliminates torque 
influences. Therefore, there is no need for 
outside torque arms. and part distortion is. 
eliminated. Another advantage in clamping 
the part in this fashion is that a support is 
put into the part allowing an increase in 
stone pressure and surface area without 
misalignment of the part and tool. 








Gages 
Automatic size control in power stroking 
may be accomplished by adaptations of at 
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(2) Blind holes without relief 


Fig. 11 
without relief 


Tools for monual-stroke honing of holes 
having keyways and blind holes with and 





least five types of gages—air, ring, expand- 
ing, plug, and bar gages. Use of these gages 
is described below, and methods are illus- 
trated in Fig. 16 and 17. 

An air gage is an integral part of the 
honing tool. With cach stroke of the tool, 
the gage portion enters the bore with suffi- 
cient clearance to permit pressurized air 
emitted from gage orifices to escape to the 
atmosphere. As the bore size increases, 
back pressure in the air system decreases. 
When the bore is to size, a previously 
calibrated pressure switch cuts off the cy- 
cle. This type of gage is particularly well 
adapted to controlling multispindle ma 
chines in honing cylinder bores. By adj 
ing the calibrated control, various diameters 
can be honed without interrupting the cycle. 
Air gaging can hold diametral tolerances of 
0.075 mm (0.0003 in.} and can be adjusted 
within a range of 0.10 mm (0.004 in.). The 
device shown in Fig. 16, an air-to-electronic 
gaging system, converts the back pressure 
drop into an electronic signal that is fed 10 a 
programmable controller that automatically 
terminates the honing cycle when the bore 
diameter reaches its programmable size. 

A ring gage is mounted just above the 
workpiece (Fig. 17a). The ring, with an 






































ot = 
А Toc! used for power-stroke (fixtured) honing 
Fig. 13 Farge bores, Expansion coner ore used 
for feed-out of honing stones. See text for discussion. 





H Mounting for abrasive stones used in 
Fig. 14 (jd honing. (a) Stone encased in a 
plastic holder. (b) Stone cemented to o metal die casting 


inside diameter equal to the specified bore 
diameter, is positioned so that only the 
plastic or metal tabs placed on the upper 
ends of the abrasive stones enter the ring at 
the top of each stroke. Because the abra- 
sives and the tabs wear at the same rate, thc 
diameter of the expanded tool is equal to the 
bore diameter. When the tool reaches gage 
ring size, friction from the tabs causes the 
ring to swing through a small arc and ini- 
tiates the end of the cycle. This method of 
control is best adapted to bore diameters of 
3.05 to 100 mm (0.120 to 4.0 in.). It is 
capable of obtaining diametral accuracy of. 
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(с) 


(9) 


Automatic four-step process for aligning the workpiece and the honing tool to hone connecting rods. (c) Part is loaded in fixture, ond fixture із moved into machining 
sition on a cushion of cir. (b) The tool, which is not rotating, is lowered into the bore with the abrasives retracted. (c) Stones are expanded outward against the 


bore wall, while the abrasives center the bore and the tool. (d) With the abrasives still expanded, the clamp is lowered onto the part to ready the tool for cycling. 


0.0076 mm (0.0003 in.) or better, and adjust- 
ments within 0.013 mm (0.0005 in.) can be 
made to allow for wear or to vary the 
desired size. 

An expanding gage, which consists 
mainly of a split sleeve held together with 
a ring (Fig. 17b), reciprocates with the tool 
but is not attached to it, The gaging mem- 
ber, whose diameter is smaller than the 
bore diameter, enters the bore with each 
downstroke. At the bottom of the stroke, a 
lever on the side of the sleeve contacts a 
post, causing the split slecve to expand 
until the gaging member touches the bore 
surface. Controls are preset so that two 
electrical contacts on the lever of the split 
sleeve meet and end the cycle when the 
diameter of the gaging member equals the 
desired bore diameter. This type of gage 
has been used successfully for size control 
of bores larger than 19 mm (0.750 in.) in 
diameter (there is no maximum size). A 
calibrated dial allows fine adjustment of 
the size within 0.25 mm (0.010 in.). A 
tolerance of 0.0075 mm (0.0003 in.) can be 
maintained at any dial setting. 

A plug gage is independent of the tool 
and approaches the bore from the end op- 
posite that at which the honing tool is 
introduced (Fig. 17c). The plug. whose di- 
ameter equals the desired bore size, at- 
tempts to enter the bore with each stroke. 
When entry is made, controls are activated 
and the cycle is terminated. This method 
can be used to control accuracy within 
0.005 mm (0.0002 in.). 








A bar gage consists of two bars that float 
in the body of the tool (Fig. 17d). The bars 
are fastened to a split ring and held against 
the bore surface by spring pressure. Bore 
diameter is measured by the distance be- 
tween the contact faces of the bars. When 
the tool enters a bore, the bars are pressed 
inward, and two low-potential electrical 
contacts on the split ring are held open. As 
the bore becomes larger, the contacts move 
closer together: when they meet (as pread- 
justed), the cycle is stopped. The use of this 
type of gage is usually restricted to size 
control of bores larger than 50 mm (2 in.) in 
diameter. However. this gage accepts ad- 
justments within | mm (0.040 in.). Also. 
control of honed diameters within 0.0075 
mm (0.0003 in.) is feasible. 


Rotation Speed 

Spindle speed depends mainly on the 
diameter of the bore being honed, because 
surface speed is usually the basic consider- 
n in honing. The choice of an optimum 
surface speed is influenced by: 





* Material being honed: Higher speed can 
be used for metals that shear easily, such 
às cast iron and some of the softer non- 
ferrous metals 

* Hardness: Harder workpiece surfaces rc- 
quire lower speed 

e Surface roughness: Rougher surfaces 
that mechanically dress the abrasive 
stone permit higher speed 


e Number and width of stones in the tool: 
Speed should be decreased as the area of. 
abrasive per unit arca of bore increases 

© Finish requiremen, eed usual- 
ly results in finer su 





Because of the variables listed above, rota- 
tion speed cannot be standardized. However, 
the speeds given in Table 3 serve as a starting 


Converted air signal 
to programmable 
controller 








Air nozzle ~ — Carbide insert 
.- Bore 
— Abrasive stones 
Fig. 16 Aivte-tlectronic-gage sizing for automat- 
g. ic size control in honing 
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point, and, in general, are close to those given 
in the examples in this article. 

Experience with a particular application 
may indicate advantages for higher or lower 
speed. Rotation speeds as high as 183 m/min 
(600 sfm) have been used successfully. Con- 
versely, a reduction in spindle speed, and 
thus in surface speed, can reduce the num- 
ber of rejects. 

Excessive speeds contribute to decreased 
dimensional accuracy, overheating of the 
workpiece, and glazing (dulling) of the abra- 
sive. Overheating causes breakdown of 
honing fluid and distortion of the work- 
piece: the latter frequently affects final di- 
mensions, 



















(d) Bor доде 





Gages for automatic size control of fixtured workpieces honed in power-stroking machines. (a) Ring 
gage. (b) Expanding gage. (c) Plug gage. (d) Bar gage. See text for discussion. 


Reciprocation Speed 

Speed of reciprocation, which depends 
largely on the length of the honing tool and 
the depth of the bore, is most usefully 
expressed in meters per minute (or surface 
feet per minute), the product of the number 
of stroke cycles per minute and twice the 
stroke length. Reciprocation speeds com- 
monly used with a variety of work metals 
and alloys are listed in Table 3. 

Because reciprocation speed. rotation 
speed, and crosshatch angle are related 
functions (see the next section), crosshatch 
angle can be controlled by varying the re- 
ciprocation speed when rotation is con- 
stant. Reciprocation speed also has some 





Table 8 Conditions for producing a 30° crosshatch angle in 


manual-stroke honing 














Bore diameter Rotation, Bore length Stone length ‘Stroke lengthia) ‘Stroke 
mm in. revimin mm in. mm dm mm in. cyclesimintay 
64 [7 1600 в 1 p nm 274 108 155 
7 03 32 14 65.5 65 
5 3 57 2^ 1 75 
19 бакага 60 DES: ы 1 94 
150 6 ы 131.3 3» 
I0 6 14 114.3 45 
38 320 10 4 83 74.2 70 
0 8 83 175.8 2 
29/8 165 148.1 35 
ы 2% - 200 100 4 83 72 2 
о к 83 175.8 30 
200 к 165 148.1 36 





(а) In computing reciprocating surface speed: The distance traveled during one stroke cycle comprises a forward and a return stroke 





Reciprocation 
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18 Relation of crosshatch angle (o) lo roto- 
ë tion and reciprocation speeds. (b) Rota- 
tion approximately equal to reciprocation. (c) Rotation 
faster than reciprocation 








effect on the action of the abrasive; higher 
speed increases dressing action and thus 
usually produces a rougher finish. 


Control of Crosshatch Angle 

The crosshatch angle (Fig. 18a) obtained 
on a honed surface depends on the ratio of 
surface speed of reciprocation (stroking) to 
surface speed of rotation. When the rotation 
and reciprocation speeds are equal, the 
crosshatch angle is 90° (Fig. 18b). When 
rotation speed exceeds reciprocation speed, 
the crosshatch angle is less than 90° (Fig. 
18c). 

The following formula can be used to 
determine the approximate angle that will 
result from given speeds (Fig. 18a): 
Tana = ve (Eq 1) 

n 
where V, is the speed of reciprocation, V, is 
the speed of rotation, and 2a is the cross- 
hatch angle. 

Although the above formula may be 
useful as a guide when determining the 
speeds necessary for obtaining the desired 
angle for a new job, it is often more 
practical to resort to trial and error. In 
power stroking, a common practice is to 
establish rotation speed and then to vary 
reciprocation speed to get the desired 
crosshatch angle. 

Reciprocation speed is less critical than 
rotation speed. However, an increase in the 
rate of reciprocation will sometimes im- 
prove the self-dressing characteristic of 
some abrasives and thus increase the stock 
removal rate; therefore, increased stock re- 
moval rates and fine finishes do not gener- 
ally go together. If several thousandths of 
an inch of stock must be removed at a high 
production rate and less than a 0.50 шт (20 
pin.) finish is required, two honing opera- 
tions should be used. 








Table 9 Relation of stone contact area and pressure with 220 N (50 Ibf) 
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Rore diameter Bore length. Presurelay — 
mm in. m wa! Ц ET sel 
Lé Meadin 7: % 0.028 735 0.012 28.72 4166 
32 ж - 19 v 0.035 129 0.020 17.24 2500 
48 Уһ.... DO ARES] 1 0.050 245 0.038 9.074 1316 
64 [2M ч ы HR Me 32 ПА 0.070 56.8 0.088 3.915 ES 
n TS irme ke Ma 75 3 s 2” 0.145 20 0.126 1,062 154 
16 ук -< 90 А ы 354 0,550 0.627 E 
16 ж .230 9 190 1064 1.650 0.207 
38 1A 2115 4 83 з 0.796 0AM [3 
38 1. о 20 413 2568 3.981 0,089 [E 





Note: For manual honing with a single stone, (а! Pressure under 220 N (50 Ibr) 





A coarse abrasive (60 to 180 grit) is usually 
used first to generate geometry and size. 
Then a second, finer abrasive (240 to 600 grit) 
js used to refine the surface finish. The finish 
achieved with specific stones. however, de- 
pends on which material is honed. 

For some applications (engine cylinder 
bores are a notable example), crosshatch 
angle is important, and is noted in specifi- 
cations. In the majority of applications. 
however, although an angle of 30° is com- 
monly sought, any angle within the range of 
20° to 45° usually is suitable. Angles within 
this range are practical with cither manual 
or power stroking. 

In manual honing, an experienced opera- 
tor can instantly alter the practice to suit 
conditions. For instance, the workpiece can 
first be stroked at a rate that has proved 
most efficient for stock removal. The tech- 
nique can then be changed so that the 
desired crosshatch pattern is produced in 
the few final strokes, Conditions that will 
produce a crosshatch angle of approximate- 
ly 30° in manual-stroke honing are given in 
‘Table 8 for a range of workpiece diameters 
and lengths. 


Honing Pressure 

A relatively wide range of pressures will 
yield acceptable efficiency and results. For 
example, in equipment using hydraulic 
force for feed-out, gage pressures have va 
ied from 1040 to 3100 kPa (150 to 450 psi). 
However, honing is more often controlled 
by rate of feed-out than by gage pressure. In 
general, high feed-out rates are used for 
large diameters, and low feed-out rates are 
used for small diameters. As an example. a 
feed-out rate of 0.23 mm/min (0.009 in./min) 
could be used for roughing and a 0.18 mm/ 
min (0.007 in./min) rate for finishing 215 mm 
(8% in.) diam cylinder bores in gray iron 
blocks for V-8 engines; for a 99.31 mm 
(3.910 in.) diam bore having a 150 mm (6 in.) 
length and made of the same material, the 
feed rate would be 0.075 mm/min (0.003 in./ 
min) to 0.150 mm/min (0.006 in./min). 

Insufficient pressure will result in a sub- 
normal rate of metal removal. When pre: 
sure is excessive, rougher finishes are ob- 
tained, because the abrasive is broken down 
too fast. This will result in increased stone 
cost, as well as decreased productivity 











caused by downtime required for replacing 
stones, 

Trial and error is the usual method of 
determining optimum pressure for a new 
app! jon in production honing. A com- 
mon procedure is to start with low pressure 
and then gradually build up. using work- 
piece finish as an indicator, until best con- 
ditions are found. Pressure must be kept up 
by automatic feed-out to compensate for 
stone breakdown and hole growth. 

The data in Table 9. based on manual 
honing with a single stone, show why ma- 
chines for honing various bores must apply 
a wide range of force. If a force of 220 N (50 
Ibf) is applied to a stone with a contact arca 
of 7.74 mm? (0.012 in.?). the pressure will be 
29 MPa (4.2 ksi). Such a pressure would 
shatter the stone. But the same force ap- 
plied to a stone with a contact area of 355 
mm? (0.550 in.?) creates a pressure of only 
630 kPa (91 psi)—insulficient for cutting 
most materials. 









Honing Fluids 

Lubrication is more critical in honing 
than in most other metal-removing opera- 
tions. No single honing fluid possesses a 
maximum of all properties needed for hon- 
ing. Therefore, some compromise must be 
made, and mixtures of two or more liquids 
are commonly used. The oils used in honing 
serve two main purposes: 


* They promote cutting action by flushing 
workpiece metal and particles of abra- 
sives from the honing stones, thus pre- 
venting the stones from loading and glaz- 
ing 

* They maintain an almost constant work- 
piece temperature, and thus minimize di- 
mensional variation due to expansion and 
contraction 





Honing fluid characteristics can directly 
influence quality or economy, or both. Vis- 
cous, gummy fluids, or fluids containing 
suspended solids, can cause a soft-bonded 
abrasive to lose efficiency and generate 
excessive heat from friction. 

Water-basc solutions are superior as 
coolants, but they are poor lubricants and 
have insufficient visco: to prevent chat- 
ter. Water also causes rust. Because of the 








latter two characteristics, water-base solu- 
tions are seldom used for honing fluids. 

Mincral seal oil is effective and is widely 
used for production honing. Mineral seal oil 
is a water-white product having a higher 
viscosity than kerosine (about 40 Saybolt 
Universal seconds, or SUS, compared to 31 
SUS for kerosine). Its flash point also is 
higher than that of kerosine, and it is less 
likely to cause skin irritation. Mineral oils 
similar to those used for other machining 
operations have also proved satisfactory 
when one part of oil is diluted with four 
parts of kerosine. 

Buffers are often added to honing fluids, 
to minimize or prevent chatter of the honing 
stones and thus prevent their premature 
disintegration. Buffer materials absorb 
shock and recoil from fluctuations in force. 
Animal oils, including tallow, lanolin, and 
lard oils, are usually the most economical 
buffers, despite their relatively high cost, 
because of their long lasting qualities. These 
oils gencrally flow under pressure and cling 
to metal surfaces better than mineral oils. 
Prepared proprietary oils that contain buff- 
ers are widely used. Before use, these oils 
(which may also contain rust inhibitors and 
deodorants) are diluted up to 95% with 
kerosine. 

The use of too much buffer may detract 
from its beneficial effects. An excessive 
amount: 





© Reduces the cutting action of the abrasive 

* Produces smoother finishes 

* Requires higher pressures or lower rota- 
tional speeds 

© Lowers the ability of the fluid to dissipate 

heat 

Impairs fluid distribution 

Increases requirements for refrigeration 

and filtering 





Regardless of the type of fluid used, it 
should be delivered to the honing stones in 
à constant and generous supply. The fluid 
also should be filtered through a system that 
removes particles coarser than 15 ат (600 
шіп.). The system should be kept free of 
water and stray oil (such as from the hy- 
draulic system), which adversely affect the 
properties of honing fluids. 

In many plants, 17 to 20 °C (62 to 68 ^F) is 
the preferred temperature range for honing 
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(a) Surface finish, (b) taper, and (c) out- 
Fig. 19 шев variations obtained in hon- 
ing. Data represent measurements on cylinder bores 2 
and 7 in 11 groy iron blocks for V-8 engines, selected 
from о run of 900. Measurements were made on blocks 
1950, 100, 200, 300, 400, 500, 600, 700, 800, ond 


fluids. Controlling the temperature becomes 
more important as tolerances become clos- 
er. If temperature is allowed to rise, dimen- 
sions may become inaccurate and the fluid 
may break down, causing excessive stone 
wear and changes in cutting characteristics. 
In production installations, heat exchangers 
are often used to maintain close contro! of 
honing fluid temperature. 





Dimensional Accuracy 

Internal honing to tolerances of 0.025 to 
0.0025 mm (0.001 to 0.0001 in.) is common. 
For some high-precision parts, tolerances 
as close as a few millionths of an inch are 
specified and achieved. 

Close tolerances can be produced and 
repeated in fixtured honing (power stroking) 
if sources of variation, such as machine and 
honing fluid condition, are closely con- 
trolled, as described in the example below. 

Example 1: Variations in Dimensions 
and Finish for 900 Cylinder Blocks. The 
data plotted in Fig. 19 represent results of a 
quality control check made on 99.31 mm 
(3.910 in.) diam cylinder bores in gray iron 
blocks for V-8 engines. Bores 2 and 7 were 





Table 10 Processing details for 
honing cylinder bores in V-8 engine 
blocks 

Processing detailsia) 

Machine production rate .. 
Spindle speed .. 
Spindle reciprocation ... 
Stock removal: 











~ 78 strokesimin 








Amount . 0.051-0.102 mm 
40.002-0.004 in.) 
кыы 395 
Honing fluid ..... Mineral seal oil(b) 
Stone life per setic) 0 blocks 
Size control Spindle-mounted plug gage 


Max out-of-roundness and 
taper. 0.025 mm (0.001 
in) 

0,500.89 ил! (20-35 ріп.) 

25 


Dimensional tolerance . . 


Finish 
Crossha 






г! ы 
(a) Bores ure classified in five sizes differing 0.013 mm (0.0005 in.) 
in diameter, for selective filling of pistons. (b) At 20 ^C (68 ЧЕ, 
heat exchanger is required for maintaining this temperature, and 
honing fluid must be free of water and tramp hydraulic oil. (ci 
Silicon carbide stones 





measured in 11 blocks from a production 
run of 900. The conditions employed in 
honing these bores are presented in Table 
10. 


The honing fluid was maintained at 20 °C 
(68 °F) by the use of a heat exchanger, and 
was constantly filtered. Less than 2% of the 
7200 bores honed required a repair opera- 
tion because either taper or out-of-round- 
ness exceeded the specified 0.025 mm 
(0.001 in.). 


Surface Finish 

Surface finish of 0.25 to 0.38 ит (10 to 15 
pin.) can be obtained easily in production 
honing, and finish of less than 0.050 i.m (2 
шіп.) can be achieved and reproduced. A 
range of roughness is sometimes specified. 
In other applications, a maximum surface 
roughness is specified. Under carefully con- 
trolled conditions, surface roughness can be 
maintained within a close range, as indicat- 
ed in Fig. 19. 

Size of grit in the honing stones is the 
main factor controlling surface finish. When 
grit is fine, the finish will be fine (other 
factors being equal); but as grit size is 
decreased, rate of stock removal is also 
decreased, as described in the following 
example. 

Example 2: Honing Gray Iron to a 
Finish of 0.25 to 0.38 um (10 to 15 
pin.). In honing gray iron (hardness, 170 to 
finish of 0.25 to 0.38 рт (10 to 15 
ed. Silicon carbide stones 
of 180 produced a roughness 
of 0.63 to 0.75 ат (25 to 30 pin.). The 
required finish could be obtained with 320- 
grit stones, but the time required for honing 
made the use of this grit size impractical. 
The problem was solved by first rough 
honing with 180-grit stones and then finish 
honing, in another setup, with 320-grit 
stones. 
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e Bore of die for cold heading the rivet 
Fig. 20 own at the left is typical of small bores 
finished by manual-stroke honing, Dimensions given in 
Vids 


Rough finishes are sometimes improved 
by using a dwell time at the end of the 
honing cycle—that is, by continuing the 
rotation end reciprocation action for a few 
strokes after feed-out ceases and pressure 
drops off. In manual honing of a particular 
bore. use of this technique reduced surface 
roughness from the normal 0.50 to ~0.25 
ym (20 to —10 pin.). 


Honing Practice for 
Internal Diameters 

Honing is widely used for finishing bores 
in engine cylinders, cylinder liners, and 
bearing bores. Procedures for honing simi- 
lar parts may vary from one plant to anoth- 
er, depending on quantity, available equip- 
ment, and established plant practice. 

As a rule, honing stones and techniques 
used for honing cast iron are different from 
those used for aluminum alloys. However, 
there are exceptions as in the case of an 
assembly of cast iron and aluminum in 
which the two metals were honed simulta- 
neously, with the same abrasive, because it 
was the simplest way to achieve a proper 
fit. 

Small Bores. Conventional manual-strok- 
ing honing tools (Fig. 9) are available for use 
in bores as small as 1.6 mm (‘Ao in.) in 
diameter in parts such as fuel nozzles, min- 
iature bearings, and heading dies, as in the 
following example. 

Example 3: Honing Very Small Bores. 
Dies for cold heading tiny rivets and screw 
blanks had bores as small as 1.6 mm (Vie in.) 
in diameter. Bore length varied, but was 
usually 25 to 50 mm (1 to 2 in.). Figure 20 
shows one of the heading dies, which was 
made of tool steel, and a typical product of 
the die. Holes were drilled and reamed 
about 0.075 to 0.13 mm (0.003 to 0.005 in.) 
undersize before heat treatment. After 
hardening, they were honed, using manual 
stroking, to an accuracy of 0.0025 mm 
(0.0001 in.) for both roundness and straight- 
ness. 

Large Bores. The maximum diameter and 
length of bore that can be honed is limited 
mainly by the size of the equipment re- 
quired for the workpiece and by the power 











Workpiece {I of В} 


А High-production honing of automotive 
Fig. 21 parts. Fixture designed to hone crankpin 
bores on eight automobile connecting rods simultaneous- 
ly, using a single honing tool. Rotating fixture permitted 
leading and unloading on one side while parts on the 
Opposite side were honed, 


required for the tools. Equipment with drive 
motors of up to 37 kW (50 hp) is available 
for honing steel shells of 1040 mm (41 
in.) inside diameter (ID) and 19 m (63 ft) 
length. 

Cylinder shells for hydraulic hoists on 
regulating gates for dams are examples of 
large bores that are honed. In one honing 
operation, 0.75 mm (0.030 in.) of stock is 
removed from a 6.4 Mg (14 000 Ib) shell of 
760 mm (30 in.) ID and 7.9 m (26 ft) length to 
obtain a total envelope tolerance of 0.050 
mm (0.002 in.). Before honing, the average 
out-of-roundness is 0.41 mm (0.016 in.). 

Short Bores. Scveral different techniques. 
are used for honing short bores. These are 
particularly applicable when bore diameter 
exceeds length. In the simplest method, 
several pieces are stacked with bores 
aligned. clamped tightly by any suitable 
means, and honed as a unit. For example, 
13 mm (% in.) long rings 38 mm (1% in.) in 
inside diameter can be honed in stacks of 
eight. In effect, this would be the same as 
honing a single piece 100 mm (4 in.) long. 
Stacked parts may be either manually or 
power stroked. However, for successful 
results from this technique, the parts must 
have parallel sides to permit building a 
straight stack that can be clamped tightly 
and provide a straight bore. Another tech- 
nique that has proved successful for honing 
short bores is shown in the following exam- 
ple involving automotive-engine connecting 
rods (compare with newer method shown in 
Fig. 15). 

Example 4: Short-Bore Honing Tech- 
nique for Connecting Rods. A power- 
stroking horizontal machine was used in 
high production for honing 61.54 mm (2.423 
in.) ID crankpin bores simultaneously in 
eight connecting rods. Figure 21 shows the 
fixture and the honing tool. Eight rods were 
stacked between 4.8 mm (Ais in.) wide par- 
allel separator plates, resulting in an effec- 
tive bore length of 260 mm (10% in.). The 














“Wehrelet 
Fig. 22 three types of blind holes 


tool had three banks of four honing stones. 
Each stone was 9.5 mm (3% in.) square and 
57 mm (2\4 in.) long. A two-station, rotary 
index table allowed the operator to unload 
eight completed rods and to load cight un- 
finished rods while eight other rods were 
being honed. A precheck plug probed the 
rods in the loading station to determine 
whether they had been bored to proper 
rough size. The operation completed one 
bank of rods in 45 s, floor-to-floor time, and 
a production rate of about 600 rods/h was 
obtained. In honing, 0.075 mm (0.003 in.) of 
stock was removed, a finish of 0.75 to 1.14 
шт (30 to 45 pin.) was produced, and inside 
diameter was controlled within 0.13 mm 
(0.0005 in.). 

Blind holes are bores that have a bottom, 
Shoulder, or other obstruction that prevents 
а tool from passing completely through. The 
three most common types of blind holes are 
shown in Fig. 22. Most unrelieved blind 
holes can be honed satisfactorily, but there 
will always be some unfinished area at the 
bottom. The amount depends on length of 
bore, type of material, tolerance required, 
and amount of stock removed. Under the 
best conditions, dead-blind holes can be 
honed to within about 0.38 mm (0.015 in.) of 
the end. Any relief will improve results; as 
much relief as possible is preferred. Some- 
times an unrelieved blind hole is in effect 
provided with a relief because specified 
tolerance and finish need not be met at the 
bottom of the hole. 

Special tools may be required, depending 
on whether or not relief (or on how much 
relief) is provided. For example, the unre- 
lieved 13 mm (^ in.) diam bore shown in 
Fig. 23(a) was manual-stroke honed to with- 
in about 0.38 mm (0.015 in.) of the end with 
a special tool having a hard-tipped honing 
stone (Fig. | 1c). If adequate relief is provid- 
ed, conventional tools are satisfactory. For 
example, cylinder heads in lawn mower 
engines (Fig. 23b) can be manual-stroke 
honed in high production with conventional 
tools, because of the generous relief (about 
6.4 mm, or '^ in., wide) at the blind end. 
Although both parts shown in Fig. 23 were 
manual-stroke honed, similar parts are fre- 
quently honed by power stroking. 

Delivering enough honing fluid to the 
work area is often a problem in honing blind 
holes. When a hole has a bottom opening 
(Fig. 23b), fluid can be pumped through a 
plastic tube inserted in the opening. When a 
hole has no bottom opening, the flow of. 
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H Blind holes honed by different methods. 
Fig. 23 (9) Unrelieved blind hole that required a 
special tool (see Fig. 11c) for honing. (b) Relief that 
permitted use of a conventional honing tool in the bore of 
cylinder head for а lawn mower engine. Dimensions 
given in inches 








я Machine and tooling for honing short, 
Fig. 24 орот bores 


fluid should be directed parallel to the man- 
drel, into the mouth of the borc. 

In manual honing, blind holes are more 
difficult to keep straight than open holes. A 
truing sleeve (dummy workpiece) is fre- 
quently used to keep the shoes and stones 
straight and parallel; also, the stone and 
shoe are made shorter than the blind hole. 
Experienced operators have found that us- 
ing a series of short strokes with an occa- 
sional stroke all the way out of the mouth is 
the best practice, until the hole is close to 
final diameter. This keeps the bottom slight- 
ly larger than the mouth. Straight strokes 
arc then used for finish honing. 

Tapered Bores. Part size, angle of taper, 
and length-to-diameter ratio determine the 
method used in taper honing. Short tapers are 
honed using a machine and tool such as that 
shown in Fig. 24. The machine has a head that 
can be positioned for any desired degree of 
taper. and the reciprocating tool holds a single 
stone. The workpiece is rigidly clamped in a 
fixture that rotates. This method is most com- 
monly used for producing tapers on parts for 
which the length of honed area is less than the 
diameter. As the length of the taper increases 
in proportion to the diameter, however, the 
practicality of the method decreases, because 
the longer and more slender tools lack ade- 
quate rigidity. 

Applications of this method of taper hon- 
ing include special bearing rings and parts 
that use end tapers for sealing, and bores in 
gears that must fit tapered shafts. For ex- 




















486 / Grinding, Honing, and Lapping 


Centerline of 
fay radius 








| Werkoiece 











25 Fixtured honing of grooves on external 
. surface of bearing rings with simultaneous 
oscillation of honing stone and rotation of workpiece 





ample, drum-to-barrel seals in a 20 mm gun 
must have a taper of 0.050 mm/mm (0.050 
in./in.) of length at cach end and roughness 
less than 0.25 рт (10 pin.). To meet these 
requirements, 0.01 to 0.05 mm (0.0005 to 
0.002 in.) of stock must be removed from 
the critical surfaces. 

Taper honing long bores in large parts is 
far more complex than honing short tapers. 
A major portion of the stock is removed by 
step honing. In this operation, a straight 
stroke is used, its length being progressively 
reduced to form a rough taper consisting of 
a series of small steps. The taper is then 
finished in a second operation in which a 
sine bar regulates the increase and decrease 
of the diameter on the return and forward 
stroke of the honing cone. 

Special Shapes. Machines and tools have 
been developed for honing various special 
shapes. For female splines, honing stones 
must be narrower than the spline width (pref- 
erably no wider than half the spline width) to 
allow for oscillation. Machines and tools for 
honing splines are designed to produce simul- 
taneous reciprocation and oscillation, rather 
than reciprocation and rotation. Relief bores 
are commonly honed by contour boring. 


Special Applications of Honing 

A few special uses of honing should be 
enumerated as a means of indicating the 
potential of the honing method beyond thc 
field of its basic and most extensively ac- 
cepted applications. These are related to the 
honing of internal cylindrical surfaces by 
using regular abrasives for obtaining specif- 
ic dimensional conditions of the work sur- 
face. Among these related processes are: 


€ External honing 

е Gear tooth honing 

* Plateau honing 

* Flat honing 

* Electrochemical honing 
* Hone forming 


External Honing. Honing has been used 
to only a limited extent for finishing outside 
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Assembly used for manucl-stroke honing of 
outside diometers. See text for discussion. 


Fig. 26 
diameters, largely because required dimen- 
sions and finish can be produced at less 
expense by other processes, such as center- 
less grinding. However, advances in metrol- 
ogy and improved honing techniques have 
resulted in an increase in the number and 
scope of applications of external honing. 

Special machines and special adaptations 
of conventional machines (such as lathes) 
have been tooled to hone outside surfaces 
of metal parts. With these machines, either 
power or manual stroking may be em- 
ployed. 

Fixtured external honing (power strok- 
ing) is widely used for pieces that are not 
adaptable to competitive methods. A nota- 
ble example is the finishing of grooves in 
bearing races. Special machines that simul- 
taneously rotate the workpiece and oscillate 
the stones (Fig. 25) produce the crosshatch 
lay pattern characteristic of a honed sur- 
face. 

Manual external honing is applicable to 
the removal of small amounts of stock from 
external diameters of a wide variety of sizes 
and shapes. The honing of lengths up to 3 m 
(10 ft) is common practice. Conventional 
honing machines are generally used for ro- 
tating workpieces up to 610 mm (24 in.) 
long. Lathes or drill presses are preferred 
for longer workpieces. 

Tools such as that illustrated in Fig. 26 
are available for honing parts ranging in 
outside diameter from about 3.05 to 69.85 
mm (0.120 to 2.750 in.). With this setup, the 
sides of the tool are gripped and stroked 
over the rotating workpiece. Feed-out and 
cutting rate are controlled by applying pres- 
sure to the honing-control lever, which will 
move through a preset distance. Size is 
controlled automatically by setting the mi- 
crometer stone feed-out so that the honing- 
control lever will be against the stop pin 
when the correct size is attained. The only 
adjustment needed during the honing oper- 
ation, even in production runs, is a slight 
additional stone feed-out to compensate for 
stone wear. A turn of the honing-control 
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Fig. 27 Honing teeth of helical gears 


lever will instantly disengage the stone from 
the work for quick gaging or unloading, but 
will not change the setting on the microme- 
ter stone feed-out. 

With the setup shown in Fig. 26, a line of 
stones with opposing guide shoes, or oppos- 
ing stones. can be used. For honing long 
parts (up to 610 mm, or 24 in.), multiple 
holders that contain as many as three stones 
(or shoes) in line may be used for correcting 
waviness. The torque arm can be used to 
offset the tendency of the tool to turn. A 
guide bar mounted on the machine acts as a 
stop for the torque arm. This type of tool 
can produce dimensional accuracy to 0.0025 
mm (0.0001 in.) or better and surface rough- 
ness as low as 0.050 um (2 pin.). 

Manual-stroke external honing has re- 
placed lapping in some applications, be- 
саис: 











Honing is usually faster 

ө Soft metals can be honed without being 
impregnated with abrasive 

ө The use, in honing, of multiple-length 

stones and shoes allows better control of 

bow and waviness 





Long anodized aluminum tubes for in- 
flight refueling are honed externally in a 
lathe, the honing tool being moved by hand, 
and the nozzle for the honing fluid moving 
with the tool. Crankpins of some crankshaft 
are honed the same way at overhaul. 

Gear-tooth honing is an abrasive process 
designed to improve geometric accuracy and 
surface conditions of a hardened gear. The 
teeth of hardened gears are honed to remove 
nicks and burrs, to improve finish, and to 
make minor corrections in tooth shape. Gear 
teeth are honed on high-speed machines spe- 
cially designed for the process (Fig. 27). The 
honing tool is like a gear driving the work- 
piece at high speed (up to 30 m/min, or 100 
sfm) while oscillating so that the teeth slide 
axially against the workpiece. 

Spur gears and internal or external helical 
gears ranging in diametral pitch from 24 to 
2.5. in outside diameter from 19 to 673 mm 
(X to 26% in.), and up to 75 mm (3 in.) in 
face width have been honed on these ma- 
chines. Finishes of 0.75 um (30 pin.) are 
easily achieved, and finishes of 0.075 to 0.10 














pm (3 to 4 win.) are possible. Both taper and 
crown honing can be done. 

Tools usei honing gear teeth are of two 
types, a helical gear shape tool made of 
abrasive impregnated plastic, and a metal 
helical gear with a bonded abrasive coating 
that is renewable. The plastic tool, which is 
discarded at the end of its useful life, is 
widely used. The metal tool is used mainly 
for applications in which plastic tools would 
be likely to break; also, it is used primarily 
for fine-pitch gears. 

Plastic tools are supplied with abrasives 
of 60-grit to 500-grit size. Size of abrasive, 
gear pitch, and desired finish are usually 
related as: 





























г Finish 1 
Grit size Gear pitch pin. 
[m s. 516 075-0.89 30-35 
100. . 16-20 0,63-0.75 230 
180 + >W 0.38-0.50 15-20 
Ж.» 0 0.25-0.30 10-12 
500 watson © 0.075-0.10 E 





Honing tools do not load up. and a plastic 
honing tool can wear until its teeth break. 
Stock removal of 0.025 to 0.050 mm (0.001 
to 0.002 in.) measured over pins is the 
recommended maximum. 

Methods. The two methods used to hone 
gear teeth are the zero-backlash method and 
the constant-pressure method. In the zero- 
backlash method, which is used for gears 
made to commercial tolerances, the tool 
head is locked so that the distance between 
the center of the work gear and the center of 
the honing tool is fixed throughout the hon- 
ing cycle. In the constant-pressure method, 
which is used for gears produced to dimen- 
sions outside commercial tolerance ranges, 
the tool and the work gear are kept in 
pressure-controlled tight mesh. 

Applicability. The use of honing for re- 
moving nicks and burrs from hardened 
gears can result in a considerable cost sav- 
ing in comparison to the usual method. In 
the usual method, the gears are tested 
against master specimens on sound test 
machines. Nicks indicated are searched for 
and removed using a hand grinder. The gear 
is then retested to make certain the nick has 
been removed. When honing is used, all of 
these various tests and procedures can be 
eliminated. 

Some shape correction can be achieved in 
the removal of 0.050 mm (0.002 in.) of stock 
by honing. A helical gear 127 mm (5 in.) in 
diameter may show lead correction of 0.010 
mm (0.0004 in.), involute profile correction 
of 0.0075 mm (0.0003 in.), and eccentricity 
correction of 0.010 mm (0.0004 in.). 

The advisability of using honing for sal- 
vaging hardened gears hinges on cost con- 
siderations. As the error in tooth shape 
increases, honing time increases and tool 
life decreases. On the other hand, if the 
Bears represent a large investment in pro- 





Fig. 28 two-wheel flat honing machine 


duction time and material, honing may be 
the most economical method. 

Because honing is not designed for heavy 
stock removal or tooth correction, it cannot 
be substituted for grinding or shaving of 
gears. Rotary shaving usually leaves gear 
teeth smooth within 0.25 to 1.00 pm (10 to 
40 pin.). 

Plateau honing produces a special pla- 
teau finish, which removes the surface 
peaks but retains the deep valleys. Such a 
finish has been found desirable in engine 
performance because the valleys act as oil 
reservoirs for improved lubrication, espe- 
cially during engine break-in. 

A plateau finish is produced by first rough 
honing to final size. Then the surface is 
finished with a finer-grit stone for about 45 
s, depending upon the amount of plateauing 
desired. The plateauing operation, with a 
600-grit stone, removes so little stock that 
the bore diameter is not measurably in- 
creased. 

Flat honing is a term designating a meth- 
od and the equipment by which the flat 
surfaces of component parts produced by 
other methods are improved with regard to 
both flatness and parallelism of opposite 
surfaces. One of these surfaces may be that 
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on which the part is located during the 
honing of the opposite face, or both faces 
may be honed simultaneously on machines 
operating with two honing disks. 

The equipment used is similar in appear- 
ance to rotary face-grinding machines, but it 
is adapted to honing, a method which differs 
from grinding particularly in the low cutting 
speed of the abrasive disk, the applied 
speed being comparable to that used in 
conventional honing. The bonded abrasive 
disks used in flat honing are generally not 
intended for substantial rates of stock re- 
moval and thus can have very fine grains, 
promoting the development of a high-grade 
finish, even of the order of 0.025 pm (1.0 
nin.) R, when needed. The spindle of the 
honing disk used on flat honing machines 
can be raised and lowered by an air or 
hydraulic cylinder. 

Single- or double-surface flat honing ma- 
chines are designed for high-production 
uses. finishing typically 1200 to 1800 parts 
per hour in a fully automated operation 
controlled by a timer, 

On two-wheel machines (see Fig. 28), the 
top wheel, lower wheel, and workholder 
each have separate drives and controls. 
Machines are available with automatic con- 
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Fig. 29 Principal components of a typical hone forming machine 


trols to gradually increase pressure on the 
top wheel during the honing cycle. Auto- 
matic size control is also available. The 
workpiece carrier is part of ап epicyclic 
sprocket holder. 

Electrochemical Honing. In this process. 
metal is removed by introducing an electro- 
lyte into a gap between a cathodic honing 
tool body and an anodic workpiece. Direct 
current from the power source is conducted 
to the tool through a brush assembly that 
acts as the cathode, while the workpiece 
becomes the anode. 

The tool mandrel is made of metal and 
has a series of small holes which provide 
channels for the electrolyte circulating un- 
der controlled pressure. The electrolyte has 
the additional role of being a coolant and 
flushes away the chips that have been 
sheared off by the honing stones. 

Abrasive honing stones are nonconduc- 
tive and are limited to removing the clectro- 
chemically loosened metal particles, there- 
by controlling the geometric form and the 
size and texture of the produced surface. 
Thus, the electrochemically honed surface 
has the same characteristic crosshatch pat- 
tern and is essentially stress free, as is the 
surface produced in a regular honing pro- 
cess by purely mechanical action. 

The abrasive stones continuously remove 
from the work surface the oxides developed 
by the electrochemical action, leaving the 
surface clean. This makes use of an electro- 
lyte much less corrosive than that needed in 
the electrochemical machining process. Nor 
is it necessary for the electrolyte to be 
dispensed at high pressure, a process char- 
acteristic that calls for great structural 
strength of the equipment in the mechani- 
cally unassisted electrochemical machining. 


The electrochemical honing process is 
carried out in a manner quite similar to 
regular honing, combining the rotation and 
reciprocation of the tool at controlled 
speeds. However, the tool mandrel must 
have good conductivity and all clements of 
the equipment that are exposed to the cor- 
rosive environment must be made of corro- 
sion-resistant materials. 

Hone forming (HF) is a recent develop- 
ment that constitutes a marriage of two dif- 
ferent processes. honing and clectrodeposi- 
tion. The process is used to simultaneously 
abrade the work surface and deposit metal. It 
produces work surfaces that combine the 
benefits of both processes, that is, a geomet- 
rically and dimensionally controlled surface 
with a functionally favorable texture devel- 
oped on a cladding that is concurrently elec- 
trodeposited on the base metal. In some of its 
basic principles, the method is a reversal of 
electrochemical honing. 

The gap between the anodic honing tool 
body and cathodic workpiece is kept small. 
Current densities used in HF operations are 
many times those employed in other elec- 
trodepositing methods. Rate of deposition 
varies from 0.018 to 0.05 mm/min (0.0007 to 
0.002 in./min) and up to 0.64 mm (0.025 in.) 
of metal has been deposited effectively in 
the laboratory. 

In the following description of the equip- 
ment and process. a cylindrical internal 
surface or bore is considered; however, the 
method is applicable to flat or external 
round surfaces as well. 

Hone forming is carried out on special 
equipment, which includes the machine for 
supporting the fixture and for actuating the 
rotating and reciprocating tool with its con- 
trolled feed motion. Additional elements of 





the equipment are the rectifier to supply the 
direct current, the solution tank, and the 
circulating system. The insoluble anode is 
part of the honing tool and is с ected to 
the positive side of the rectifier. The work- 
piece functions as the cathode and is con- 
nected to the negative side of the rectifier. 
The gap between the anode (tool) and the 
cathode (workpiece) is kept small, while 
through that gap at controlled velocity pass- 
es the solution, which, together with the 
workpiece, is contained in a sealed circuit. 
Figure 29 shows the components of a typi- 
cal hone forming machine. 

After the workpiece has been cleaned of oil 
and other potential contaminants, it is mount- 
ed іп a special honing machine and, as the 
first phase of the process, the bore is honed in 
a conventional manner. This part of the oper- 
ation produces a clean base metal surface 
with accurate cylindrical form. 

Subsequently, the metal-depositing pro- 
cess is started, keeping the anode at a con- 
trolled distance from the work surface, which 
acts as the cathode. The electric power sup- 
ply is turned on, and the electrolyte is circu- 
lated between the anode and the cathode. 

During this process the honing action 
continues, but with reduced stone pressure, 
thus ensuring that the deposited metallic 
layer will develop into a work surface of the 
desired form (roundness), size (diameter), 
and surface texture (crosshatched). The 
process is terminated when the desired size 
of the bore has been reached, as determined 
either indirectly, by the elapsed time. or 
directly, by means of a gage. 

The entire process is carried out within a 
very short time. of the order of about one 
minute, because the cladding of the surface is 
many times faster than in conventional bath 
plating and has the added benefit of obtaining 
a precisely honed work surface with con- 
trolled characteristics. Other advantages of 
the new process are the elimination of most of 
the time-consuming preparatory and postpro- 
cess operations, such as masking, washing. 
neutralizing. and so forth, which are neces- 
sary for attaining the same results with the 
application of conventional procedures. 

In hone forming applications, the work- 
piece must be conductive. To date, most 
materials used in hone forming are copper, 
bronze, tin, nickel, cobalt, or chromium plat- 
ed and are hone formed on workpiece mate- 
rials such as iron, steel, stainless steel, and 
bronze. Theoretically, any surface that can be 
honed can be processed with hone forming. 

Although the immediate uses of this new 
method are mostly in the area of work sal- 
vaging out-of-tolerance parts and recondition- 
ing worn surfaces, its potential is much wider 
and includes production line operations. 























Microhoning 


The term microhoning is considered a 
descriptive designation for a method that 





uses hones (bonded abrasives) for tools and 
produces an accurately controlled surface 
whose parameters are measured in micro 
(very small) units. Essentially. the method 
is applied to round surfaces, both external 
and internal, of cylindrical, tapered, or 
spherical general form, and less frequently, 
to flat surfaces with limited areas. All of 
these contain surface elements that are ei- 
ther straight lines or circular arcs. 

The method operates with tools made of 
bonded abrasives, with the active surfaces 
having forms complying with the contacted 
area of the work surface. The abrasive 
tools, while being held against the surface of 
the rotating work with a controlled, light 
force, generally effect a rapid, short-stroke, 
reciprocating (oscillating) motion in a direc- 
tion parallel with the surface elements of the 
processed work surface. 

Microhoning can be done on centers or 
with centerless through-feed machines. 
With centerless microhoning. 60 to 70° of 
the total workpiece circumference is in con- 
tact with one or more fine-grit stones. 


Comparison of Microhoning 
with Regular Honing 

Characteristics common to regular hon- 
ing and microhoning methods are: 


* The use of bonded abrasives for tools 

* Operation with low cutting speeds and 
producing light cutting force 

* The combination of a rotational and a 
linear motion between the tool and the 
work; both methods produce a cross- 
hatch pattern, but in microhoning it is 
less distinct 

* The objectives of the process, that is, 
improving the form, size, and surface 
texture of the work surface without caus- 
ing metallurgical damage 





Particular differences between regular 
honing and microhoning are described be- 
low. 

The Stroking Length. Honing is essen- 
tially a long stroking method, capable of 
covering work surface lengths several times 
that of the stones. During the process the 
stones travel a substantial distance (usually 
expressed as a fraction of the stone length) 
over the ends of the processed work sur- 
face. 

In microhoning, the stone reciprocation is. 
over a very short length, typically of the 
order of about 1.0 to 4.1 mm (0.040 to 0.160 
in.). For that reason the stone motion is 
often referred to as an oscillation. 

Frequency of the Reciprocation. In hon- 
ing, the number of strokes per minute varies 
from very few, in the case of very long 
strokes, to about 100 or 200 in general 
operations. The stroking, although usually 
hydraulically actuated, in the case of low- 


production or medium-production machines 
may also be manual. 

Microhoning operates with a very rapid 
reciprocating motion, its frequency varying, 
according to the applied system and stroke 
length, in the range of 300 to 2500 cycles per 
minute. The reciprocating motion has me- 
chanical or pneumatic drive. 

Rotating Member. In honing, it is the 
tool that rotates (with the rare exception of 
the external honing of very long parts; in 
microhoning, it is always the workpiece that 
rotates in front of the tool whose reciproca- 
tion is along a fixed path. 

Contact Area. In honing, usually several 
stones, at essentially uniform circumferen- 
tial distances, make simultaneous contact 
with the work surface, each stone taking 
part in the stock removal. 

In microhoning, a single stone, except for 
the rare multistone applications on large 
diameters, covers only one segment of thc 
work surface, although the width of the 
stone produces a wraparound effect. 

Work Surface Configuration. Stroking 
in honing is always along a straight-line 
path, which limits the general form of the 
surface adapted to honing. The long strok- 
ing of honing also excludes surfaces that do 
not permit free stroking, although the hon- 
ing of surfaces with one free end. for exam- 
ple, blind holes, is possible. Honing is used 
nearly exclusively for bores. 

Microhoning, which operates with very 
short strokes, can be applied also to surfac- 
es with circular cross-sectional contours, 
such as spherical or toroidal shapes. Equal- 
ly adaptable to external and internal surfac- 
es, the short stroking also permits the mi- 
crohoning of surfaces bounded by shoulders 
on both ends, requiring a very narrow un- 
dercut, comparable to that provided in cy- 
lindrical or internal grinding. 

Amount of Stock Removal. Honing can 
be used for efficiently removing substantial 
amounts of stock. In rough honing, of the 
order of 0.25 to 0.38 mm (0.010 to 0.015 in.) 
can be removed, oci nally, considerably 
more. In finish honing, about 0.05 to 0.15 
mm (0.002 to 0.006 in.) can be removed 
from the part diameter. This stock-remov- 
ing capacity of the honing method permits 
the correction of various types of bore form 
irregularities. 

Stock removal in microhoning is usually 
of the order of 0.0025 to 0.0075 mm (0.0001 
to 0.0003 in.), consequently, the general 
form irregularities, for example, ovality, 
taper. and so on, can be corrected only 
within a very limited range. 

Characteristics of the Produced Work 
Surface. Honing is generally used to pro- 
duce surface finishes in the range of 0.8 to 
0.2 pm (32 to 8 pin.) R,. Such surface 
texture values are adequate, or even desir- 
able, for many types of bores finished by 
honing. Often even rougher surfaces are 
required, or, in rare cases, a finish of the 
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order of 0.10 ит (4 pin.) R, is specified. It 
is feasible to produce even finer finish val- 
ues by honing, but generally at the price of 
rapidly decreasing productivity. 
Microhoning can produce, in efficient op- 
eration, surface finishes of the order of 0.10 
to 0.05 рт (4 to 2 pin.) R,, and, upon 
occasion, even finer finishes. This single 
parameter, the average surface roughness, 
does not convey, however, all the function- 
ally important surface characteristics that 
can be developed in regular production by 
microhoning. These will be discussed in 
greater detail under a separate heading. 





Basics of 
the Microhoning Process 

The operating principles of the microhon- 
ing process were illustrated earlier in Fig. 3. 
The diagram illustrates that an abrasive 
stone, whose operating face complies with 
the general form of the work surface, is 
forced against the rotating workpiece to 
exert a specific pressure while carrying out 
à short-stroke reciprocating motion. 

In operation, the abrasive stone will first 
make contact and act upon the protruding 
elements of the work surface. Protuberanc- 
es can result from surface form irregulari- 
ties such as lobbing, chatter marks, wavi- 
ness, and so on, and can also constitute the 
peaks and crests of a rough surface. Gener- 
ally, irregularities from both sources are 
present, with the roughness superimposed 
on the form irregularit 

By abrading the protruding elements of 
the surface, the action of the microhoning 
stone will gradually equalize the work sur- 
facc, correcting some of the form irregular- 
s and reducing the roughness. The major 
protuberances of the surface will be abrad- 
ed first by the concentrated action of the 
total stone pressure; consequently, the rate 
of surface improvement will be rapid in the 
starting phase of the operation. As the con- 
tacted work surface area continuously ex- 
tends, the rate of stone penetration will 
become slower, partly because the specific 
pressure on the contacted areas decreases, 
and partly because the stone surface starts 
to glaze, due to the reduced dressing action 
of the work surface. The latter condition, 
although detrimental to the abrading ability 
of the stone, is beneficial to the develop- 
ment of a better finish on the microhoned 
surface, which is the prime objective of the 
process. The optimum balance between the 
effective abrading and the dependable 
smoothening ability of the stones can be 
controlled by the proper selection of the 
process variables, such as reciprocating and 
rotating speeds; applied pressure; and form, 
dimensions, and composition of the stones. 

The described progress from fast abrad- 
ing to the slower smoothening action could 
be extended to produce very substantial 
improvements of the work surface by mi- 
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crohoning. However, it would take an ex- 
cessive amount of time for a stone that is 
capable of rapid abrading action to lose its 
cutting ability to the degree that it could 
produce a very smooth surface. For that as 
well as for other reasons, that is, to retain 
the unimpeded abrading capacity of the 
stone, the microhoning process is usually 
operated in the range of its highest efficien- 
cy. The approximate extent of that range 
can be expressed conveniently by the ratio 
of surface roughness improvement, which 
usually varies from 4:1 to 8:1, although 
these values are not absolute limits. The 
lower ratios commonly apply to the effec- 
tive range for coarse surfaces, such as im- 
proving the finish from 6.3 to 1.5 um Q50 to 
60 шіп.) Rẹ, while the roughness of a finc- 
ground surface can be reduced efficiently 
from 0.40 to 0.050 рт (16 to 2 pin.) R,. 

Surface texture is seldom measured 
though it can affect certain functional char- 
acteristics, such as the sealing capacity and 
lubricant retainment of the surface. At a 
relatively higher roughness level, a cross- 
hatch pattern can be observed on the micro- 
honed surface; that pattern tends to change, 
as the process progresses, into a nondirec- 
tional pattern, or to disappear entirely, re- 
sulting in a reflective surface. 

These changes of the surface texture, 
brought about by microhoning. when ap- 
plied to the distinctly directional pattern 
produced by grinding arc generally benefi- 
cial to the functional properties and service 
life of the work surface. 

A rough surface will make contact with a 
mating part through its protruding crests, 
and the extensive lower-lying areas will 
have no functional role. Reducing thc 
roughness of the surface without changing 
its alternating crests and valleys will only 
partially remedy the unfavorable conditions 
of high wear and friction in the contact area. 

"The optimum contact condition is created 
by cutting down the crests and transforming 
them into wide plateaus, a process brought 
about by microhoning. The effect of micro- 
honing on an originally rough surface is 
visualized by the schematic cross-sectional 
diagrams in Fig. 30, which illustrates in five 
steps (corresponding to the indicated pro- 
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: A rough surface, (o), being gradually 
Fig. 30 improved by microhoning, thot is, by 


cutting down the protruding crests and finally developing 
a surface consisting of wide plateaus. The elapsed time 
‘ond corresponding surface roughness obtoined at each 
interval for the five cross sections ore: (a) O s, 1.25 um 
(50 шп), (b) 10 s, 0.38 jum (15 pin.), (c) 20 s, 0.28 ит 
(11 ріп), (d) 30 $, 0.20 рит (8 pin.), (е) 0.050 pm (2 
itin.). The diagrams exaggerate the cross-sectional con- 
tours of the work surface for visualizing ће effect of 
microhoning on the work surface texture. 


cessing times) the manner in which the 
rugged surface resulting from a preceding 
machining is improved by changing it into а 
surface containing wide plateaus. 





Process Parameters 
in Microhoning 

Type and Grit of Abrasive Stones. Both 
types of abrasive materials are used for 
microhoning stones: 


* Aluminum oxide abrasives (which frac- 
ture less easily), for carbon and alloyed 
steel 

€ The more friable silicon carbide. for very 
soft or very tough types of stcels, as well 
as for cast iron and most types of nonfer- 
rous metals 


The hardness of the stones, controlled by the 
percentage of the bond, varies from J (very 


soft), to P (very hard). The former is used for 
extremely hard alloys, chromium plates, and 
so on, while the hardest bonds are needed for 
cast iron and nonferrous metals. 

The dimensions of the active stone face 
are determined by the size of the work 
surface. For external cylindrical surfaces, 
the width of the stone is about 60 to 80% of 
the part diameter, but generally not more 
than about 25 mm (1 in.). For work diame- 
ters larger than about 150 mm (6 in.), micro- 
honing heads. with several stones arranged 
along an arc in compliance with the work 
surface, are frequently used. The length of 
the stone is usually somewhat less than the 
length of the work surface, but not more 
than about three times the width of the 
stone. For the microhoning of longer work 
surfaces, an additional traverse movement 
is needed. The thickness of the stones is 
controlled by the mounting dimensions, the 
access length (which is particularly essen- 
tial for honing inside shoulders), and an 
adequate wear depth; this latter component 
is substantially more, in some applications, 
than the stone width. 

The grit size of the stones is generally 
selected from a wide range 1o suit the con- 
dition of the machined surface and the ob- 
jectives of the process. The type of micro- 
honing work required can vary from 
roughing (applied either as a preparatory 
operation to a subsequent finishing or as a 
single process for general-purpose work) to 
fine, or even very fine finishing. For coarse 
microhoning applied to improve the finish 
and the functional properties of rough-ma- 
chined surface, grit in the range of 60 to 220 
is used. For general-purpose microhoning 
work to produce a finish of the order of 0.40 
to 0.20 um (16 to 8 pin.) R,, grit sizes 320 to 
500 are needed. Fine finishing is carried out 
with grit sizes in the 600 to 800 range, while 
for very fine finishing, stones with 1000 to 
1200 grit may be selected. 

Stone Pressure. One of the characteris- 
tics of the microhoning method is the use of 
a relatively low stone pressure to avoid a 
deep penetration into the work surface, 
which could leave furrows and generate 
heat. The shearing effect of the grains is 
limited to the protruding elements of the 




















Table 11 Typical microhoning production rates for automotive components 

Finish after grinding Number of spindles on Finish after microhoning Production 
Automotive component. pm pin. microhoning machine Surface configuration рт pin. rate, parts/h 
Tappet hea 0.76-1.00 30-40 1 Spherical or flat 0.125-0:20 5-8 900 
Crankshaft .. — 0.76-1.00 30-40 10 Cylindrical 0.125-0.20 5-8 80 
Stem pinion bearing . 0.38-0.63 1525 2 Cylindrical 0.050-0.10 2-4 120 
Distributor shaft ..... 0.76-1.00 30-40 2 Cylindrical 0.075-0.125 35 720 
Pressure plate(a) 2.50-5.0 100-200 2 Flat 0.18-9.30 7-12 100 
Brake йгшт(а).. n: € 0-6.3 200-250 1 Internal cylindrical 0.38-0.63 15-25 150 
Tappet body ME 0.25-0.50 10-20 n Cylindrical 0.050-0.10 24 800 
Camshaft main bearing. айгы 2o... 038-063 15-25 10 Cylindrical 0.050-0.10 24 80 
Gear thrust face. 0.25-0.50 10-20 9 Flat 0.050-0. 10. 2-4 500 
Tapered bearing race 1.00-1.25 40-50 2 Cylindrical 0.050-0.10. 2-4 450 


(a) Starting finishes for pressure plates and brake drums arc for turned surfaces rather than ground, In some cases. pressure plates are ground to a finish of 0.50 to 0.63 pm (20 о 25 pin) 
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Fig. 31 setups for microhoning (a) ball bearing races and (b) roller bearing races 


surface, and that action can be achieved by 
causing the stones to bear against the work- 
piece with a light force. 

For average work, stone pressure in the 
range of 140 to 275 kPa (20 to 40 psi) is 
generally used, raising the pressure for 
roughing to about double these values. For 
very fine finishing, particularly for soft ma- 
terial, stone pressure as low as 14 to 34 kPa 
(2 to 5 psi) may be applied. 

Work Speed. Most commonly. microhon- 
ing is applied to the surface of rotating 
workpieces that are of cylindrical and, less 
frequently. of tapered shape, referred to as 
OD. However, flat surfaces, either uninter- 
rupted, such as the end faces of bearing 
rollers, or of annular shape. such as flange 
areas, are also adapted to microhoning. 
Longitudinal flat surfaces, which require 
linear traverse movement, can also be mi- 
crohoned, although that method is seldom 
applied because flat surfaces, unless they 
are located in a recessed position, are gen- 
erally adaptable to lapping (see the article 
"Lapping" in this Volume). 





The work speed, therefore, is generally 
specified as the surface speed of the rotating 
workpiece, with its most commonly applied 
values falling within the following ranges: 


* For roughing. 12 to 15 m/min (40 to 50 
sfm) 

* For finishing. 30 to 60 m/min (100 to 200 
sfm) 


To produce a very fine finish and also to 
transverse workpieces at a high feed rate, 
substantially higher surface speeds, up to 
about 120 m/min (400 sfm) are also applied. 

At the lower work specd, the microhoning 
process generally develops a very fine but still 
distinguishable crosshatch pattern, м 
may be the desirable surface condition in 
many applications, although it reduces the 
reflectivity or shine of the work surface. At 
higher work speeds, that pattern disappears, 
and a brighter surface is developed, 

Stroke Length and Speed of the Stone 
Reciprocation. The fast reciprocation of the 
stones in a short stroke is one of the essen- 
tial characteristics that sets microhoning 
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apart from regular honing. The length of the 
stroke differs somewhat in various systems, 
some of which employ a single stroke 
length, for example, 4.76 mm (0.1875 in.), 
while others are designed to provide vari- 
able stroke length, adjustable over a range 
of about 2.00 to 5.10 mm (0.080 to 0.200 in.). 

The actual linear speed of the motion of 
the stone is the function of the stroke length 
and the rate of reciprocation. These two 
factors are also referred to as the amplitude 
and the frequency of stone reciprocation. 
Stone speed can be adjusted to the require- 
ments of the operation by varying either of 
these factors. 

The resulting linear stone speeds differ 
over a rather wide range according to the 
system d and the condition of adjust- 
ment. Typical extreme values are 3.18 to 
20.3 m/min (125 and 800 in./min). 








Microhoning Applications 

Microhoning lends itself to cylindrical 
(internal and external), flat, tapered, toroi- 
dal, spherical, and barrel-shaped surfaces 
on automotive products such as ball-and- 
roller bearings, transmission shafts, crank- 
shafts, shock absorber piston rods, valve 
shaft diameters, and universal-joint spiders. 
Figure 31 shows two typical setups used to 
machine two different types of bearing rac- 
es. Table 11 lists typical production rates 
and finishes obtained with microhoning on 
automotive components. 

Microhoning is very effective for finishing 
ball-shape components to a unique degree of 
sphericity. Such shapes, executed to an ex- 
cellent finish, are required in engineering pro- 
duction for valve balls, pump pistons, and so 
on. An uncommon, but important application 
of spherical microhoning is in the manufac- 
ture of prostheses, specifically, artificial hip 
joints. The accurate sphericity and very high 
finish of the ball and socket surfaces, which is 
accomplished by microhoning these surgical- 
ly installed elements, ensures their depend- 
able functioning and capability to withstand 
load of 1.18 kN (265 Ibf) or more. 














Lapping 


Revised by Pel Lynah, P.R. Hoffman Machine Products 


LAPPING is a low-speed low-pressure 
abrading operation that accomplishes one 
or more of the following results: 


ө Extreme dimensional accuracy of lapped 
surface (flat or spherical) 

* Close parallelism of double-lapped faces 

© Refinement of surface finish 

* Extremely close fit between mating sur- 
faces 

* Removal of damaged surface and subsur- 
face layers that degrade the electrical or 
optical properties 


In general, the quality that can be obtained 
by lapping is not easily or economically 
obtained by other processes. 

Loose abrasive, carried in an appropriate 
vehicle, is used on cast iron laps in 9996 of 
the lapping applications, but there are some 
isolated fixed-abrasive applications that are 
classified as lapping. It is difficult to make a 
clear distinction between lapping and hon- 
ing. Lapping is the lower-pressure, lower- 
speed, and lower-power application of the 
use of fixed abrasives. Furthermore, the 
fixed abrasives of honing are usually limited 
to the conventional resinoid or vitrified face 
wheels, while the fixed-abrasive lapping op- 
eration often uses unconventional media, 
such as urethane-impregnated pads, polyvi- 
nyl alcohol and abrasive mixed, foamed, 
and cured to a hard, cellular block, plated ог 
surface-bonded diamond, or thin abrasive- 
filled vinyl films. The usual definition of 
lapping is the random rubbing of a part 
against a lap, usually of cast iron composi- 
tion, using an abrasive mixture in order to 
improve fit and finish. Lapping operations 
usually fall into one of two categories: indi- 
vidual-piece lapping and matched-piece lap- 
ping. 

In individual-piece lapping, abrasive is 
rubbed against the workpiece with a special 
tool called a lap (usually of material softer 
than the workpiece), rather than with a 
mating workpiece surface. When loose 
abrasive is used, the lap is usually made of 
soft cast iron (typically close-grain cast iron 
or meehanite metal) or a soft nonferrous 
metal. Laps made of bonded abrasive also 
can be used, as discussed above. 

Individual-piece lapping is most effective 
on hard metals or other hard materials. It is 
used to produce optically flat surfaces, to 














produce accurate planes from which other 
planes can be located (as for gage blocks), 
and to finish parallel faces. 

The machine lapping of individual pieces, 
either one per cycle or in multiple-piece 
loads, represents the bulk of the production 
lapping currently done in industry. Single- 
side flat lapping machines, double-side 
planetary machines, cup lapping machines 
for spherical surfaces, and specialized sin- 
gle- or double-plate machines (such as ball, 
roller, or pin laps) constitute the vast ma- 
jority of lapping installations. 

In matched-piece .lapping, sometimes 
called equalizing, two workpiece surfaces 
separated only by a layer of abrasive mixed 
with a vehicle are rubbed against each oth- 
er. Each workpiece drives the abrasive so 
that the grit particles act on the opposing 
surfaces. Irregularities that prevent the sur- 
faces from fitting together precisely are thus 
eliminated, and the surfaces are mated. In 
many cases, a part is first lapped individu- 
ally and is then mated with another part by 
this method, before the two are stocked as a 
pair of lapped-together parts. 

Matched-piece lapping enables mating 
parts (such as the heads and blocks of 
internal combustion engines) to form liquid- 
tight or gas-tight seals without the need for 
gaskets. It also eliminates the need for 
piston rings in fitting some plungers to cyl- 
inders. Other common uses of matched- 
piece lapping include fitting tapered valve 
components (Fig. 1) and mating two or 
more gears in a set. 





Process Capabilities 


Parts that are processed by lapping are 
constructed of a variety of materials, rang- 
ing from metal parts for tooling, gaging, or 
sealing to electronic crystals such as quartz 
piezoelectric frequency devices and silicon 
semiconductor material for integrated cir- 
cuit manufacture. Tungsten carbide, ceram- 
ic. and glass component luminum com- 
puter disks; tool steel slitter blades; saw 
blanks; and jade decorative tiles are among 
the applications that demonstrate the diver- 
sity of the lapping process. 

The size or weight of the workpieces 
that can be lapped is limited only by the 
available equipment. Parts finished by lap- 
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ping range in weight from a fraction of an 
ounce to hundreds of pounds. 

Workpiece Shape. Tools and methods 
have been devised for lapping virtually ev- 
ery shape of workpiece on which a lapped 
surface is desired. Lapping is most widely 
used for finishing flat surfaces or outside 
and inside cylindrical surfaces. The proce: 
can also be applied to balls, rollers, cone: 
double-curved surfaces, assembled bear- 
ings, and shapes such as gear teeth. 

Material Removal. Lapping is intended 
as a final finishing process that would be, in 
general, an impractical or uneconomical 
means of removing stock. In most applica- 
tions, less than 0.13 mm (0.005 in.) of ma- 
terial is removed from a surface by lapping. 
However, occasionally (usually in flat lap- 
ping), 0.38 mm (0.015 in.) or even more may 
be removed. In a few cases, it has proved 
more economical to remove stock by lap- 
ping than to add a preliminary grinding 
operation. 











Selection of Abrasive 


Silicon carbide and fused alumina are the 
abrasives most widely used for lapping. 
Silicon carbide is extremely hard (2500 
HY). Its grit is sharp and brittle, making it 
nearly ideal as an abrasive for many lapping 
applications because it continually breaks 
down to expose new cutting edges. Silicon 
carbide is used for lapping hardened steel or 
cast iron, particularly when an appreciable 
amount of stock is to be removed. 

Fused alumina (2000 HV) is also sharp. 
but it is tougher than silicon carbide and 

















Table 1 Relative cost (as of 1988) of abrasives used in lapping 
Average size ro ae 
Type of abrasive m Grade оњ Em 
Aluminum o 50 1950 3.66 299 280 
17.5 1600 3.09 244 227 
640 1220 221 149 134 
Silicon сагыйе ........... 50 2950 1189 1059 10.57 
25 2400 385 3.18 3.01 
55 2240 307 2.46 2.26 
Boron carbide scene 0 3800 47.91 45.94 44.45 
20 3400 223 4043 39.10 
E 3280 36.63 35.00 33.84 





Source: Lapmaster International 





breaks down less readily. Fused alumina is 
generally more suitable for lapping soft 
steels or nonferrous metals than silicon car- 
bide. 

Boron carbide (2800 HV) is next to dia- 
mond in hardness and is an excellent abra- 
sive for lapping. However, because it costs 
10 to 25 times as much as silicon carbide or 
fused alumina, boron carbide is usually 
used only for lapping dies and gages, which 
is often done by hand and in small quantities. 
using little abrasive. An example is synthet- 
ic sapphire for electronic applications. The 
raw material cost is expensive, justifying a 
high abrasive-processing с Relative 
costs for various quantities and grit sizes of 
silicon carbide, fused alumina, and boron 
carbide are compared in Table 1. 

Diamond (6500 HV), the hardest of all 
materials is also used as an abrasive for 
lapping metals. It is available as a paste or a 
slurry. 

Softer abrasives, such as emery, garnet, 
unfused alumina, and chromium oxide, also 
are used for lapping, but to a far lesser 
extent. As indicated in Table 2, these softer 
abrasives are used for lapping soft metals or 
for the final lapping of parts on which a 





highly reflective surface is required. In lap- 
ping to produce a reflective surface, no 
significant amount of stock is removed, and 
the finish is not necessarily finer than a 
matte finish. 

The grit sizes most commonly employed 
in lapping range from 100 to 1000 (Table 2). 
However, abrasives are usually available in 
grit sizes from about 50 to 3800, and even 
finer. 

For lapping hardened steel to remove about 
0.0051 mm (0.0002 in.) of stock and to pro- 
duce a finish of less than 0.050 рт (2 pin.), a 
grit size of 280 is appropriate. If finishing 
requirements are less stringent, 180-grit abra- 
sive will be more economical because it re- 
moves metal faster than finer grit does. 

As the amount of stock to be removed 
increases, coarser grits are required. For 
the removal of considerable amounts of 
stock, it is more economical to employ a 
roughing operation, followed by a finishing 
operation. 

When a substantial amount of stock is 
being removed, a fine finish can be produced 
without the use of a small grit size, because 
the originally coarse grit breaks down as 
lapping proceeds and progressively produces 


Table 2 Types and grit sizes of abrasives for various applications of 


lapping 





Abrasive Relative hardness 


Grit size "Typical applications 





All-purpose compounds 


Lapping / 493 


a finer finish. If this technique is used, there 
must be enough stock allowance for lapping 
so that the deeper scratches formed initially 
by the coarse grit will be removed by the time 
final dimensions are reached. 

Grading. When an abrasive of a specified 
grit size is purchased, some of it will be 
finer and some coarser than the stated size. 
The degree of grading is an important con- 
sideration in the selection of any abrasive. 
Abrasives increase in cost as the grading 
becomes closer. However, the use of a 
low-cost, loosely graded abrasive is not 
always economical, as demonstrated in the 
following example. 

Example 1: Closely Graded Abrasive 
for Greater Economy. A low-cost grade of 
silicon carbide that ranged in grit size from 
100 to 800 was used for lapping piston rings. 
A change to an abrasive that was closely 
graded to a grit size of 600 reduced the 
overall cost of abrasive by 50%, even 
though the initial cost of the 600-grit abra- 
sive was twice that of the low-cost grade. 
The savings was made possible because the 
600-grit abrasive contained more of the grit 
size that is most efficient for lapping; con- 
sequently, only one-fourth as much of it 
was required for removing the same amount 
of stock. The 600-grit abrasive also gave a 
smoother finish with less smudging. 


Selection of Vehicle 


Vehicles, or binders, for loose abrasives 
include a wide variety of compounds. Some 
shops prepare their own formulations or 
modify standard compositions. However, 
more consistent results can be obtained 
with standardized, commercial compounds. 

‘Two major factors in the selection of a 
vehicle are the material being lapped and 
the lapping method to be employed (inside 
or outside diameter, flat or spherical), Any 
vehicle should: 











ө Retain abrasives in uniform suspension 
and deagglomeration 
* Serve as a cushion between surfaces be- 


Silicon carbide . . «Hard and sharp. 100, 220, 320, 400 Tool-room lapping ing lapped (to minimize lap-to-part con- 









Corundum..... -Medium soft 200. 240, 280 Tool-room lapping tact and yet avoid rolling action on abra- 
Compounds for roughing, finishing, or polishing sive particles) 
Corundum . . „Medium soft 400, 500, 600 Roughing softer steels * Adhere to laps and therefore minimize 
700. 800 Finishing softer steels waste of compound 
Alumina „Hard 500, 600, 900 Roughing harder steels, с. ateri; i 
ве ats € Be noncorrosive to the material being 
2-10 ит (80-400 pin.) Finishing hard steels. lapped — 
Alumina Medium hard 900 Polishing hard steels * Be nontoxic to operators 
3. 1015 gi 200. жю; Polishing hard steels © Be easily removable by cleaning 
uin.) iati i 
1-3 um (40-120 pin.) Polishing stainless, chromium © Respond to temperature variations with 
the viscosity characteristics (stability or 
lumina... ies Soft 1.2 ит (40-80 pin.) flexibility) desired in a given application. 
Silicon carbide . . Hard and sharp 600, 800, 1000 Although rapid changes in viscosity are 
Mediaset 600. 800 usually undesirable, in some applications 
10 ит (400 pin.) it is important that the vehicle be able to 
Medium soft 800 change quickly from a grease to an oil 
5 i Mem soft 1 ыт (40 win.) when under slight heat and pressure and 
Sere " [ry then revert quickly to greaselike consis- 





-Medium hard 1,2 um (40, 80 pin.) 


Cerium oxide. 


tency when pressure is relcased 
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Most vehicles have an oil or grease base, 
although some are made of water-soluble 
compounds. The consistency of oil-base 
vehicles varies from that of mineral seal oil 
(a water-white product having a viscosity 
slightly higher than kerosene) to that of 
heavy grease. Common spindle oil is often 
used as a vehicle. Commercial compounds 
contain mixtures of animal fat, vegetable 
oils, and mineral oils. 

Vehicles with an oil or grease basc are 
usually used for lapping ferrous metals. For 
specific applications in which grease or oil 
would be objectionable (such as copper- 
base alloys and other nonferrous metals), 
water-soluble vehicles are available. These 
vehicles, which are readily removed with 
water, are low-viscosity compositions of 
starches, bentonite, and soluble oils with 
rust inhibitors. 

Contamination is a potential problem in 
many nonmetal applications, especially in 
electronic components; therefore, clean- 
ability is the primary consideration. Most 
commercial and proprietary vehicles for 
these materials are glycerine-base formula- 
tions; this provides a good-quality suspen- 
sion, good film-forming properties (and 
therefore good lubricity), and a water-solu- 
ble mixture that is readily cleanable. Clay or 
mica is occasionally mixed in to fill the 
voids between the abrasive particles, thus 
enhancing the suspension. lonic, charged, 
and submicron particles are also used as 
suspension agents. These particles affix 
themselves to the abrasive grain and pro- 
duce electric repulsion forces to disperse 
and suspend the abrasive. 

Pure water is used in the lapping of glass 
and ceramic. The abrasive slurry is gener- 
ously applied and recirculated. The result- 
ing high fluid flow is used to keep the 
abrasive stirred and dispersed. 











Lapping Outer 
Cylindrical Surfaces 


Outer cylindrical surfaces are usually 
lapped by one of the following methods: 


ө Ring lapping (a manual operation) 

* Machine lapping between plates 

© Centerless roll lapping with loose abra- 
sive 

© Centerless lapping with bonded abrasives 


In addition to these techniques, special 
methods are used for specific applications, 
such as the lapping of piston rings and 
crankshafts. Choice of method depends on 
part configuration, size of the production lot 
to be lapped, and cost. Many outer cylin- 
drical surfaces can be lapped with equal 
success by two or more methods. 


Ring Lapping 
Ring lapping is the simplest method of 
lapping outer surfaces. Designs of ring laps 


Cast iron 
lapping 
ring 5 


“Aewsting screw 


Typical ring lapping assembly. Drilled holes 
and slots permit uniform adjustment. 


Fig. 2 


vary, but the assembly illustrated in Fig. 2 is 
typical. The lapping ring (or ring lap), usu- 
ally made of cast iron, is manually stroked 
back and forth over the workpiece, which is 
chucked in a lathe or polishing head and 
rotated. Lapping compound (usually of 
paste consistency) is often applied to the 
surface of the workpiece. A manually 
adjusted screw is tightened, as required, to 
maintain a slight drag on the lap. 

The ring lap should always be shorter 
than the workpiece, and if size permits, it 
should have adjustable slots. Fi ing the 
bore of a ring lap is critical. It should be 
drilled, reamed, and honed (or lapped) to a 
size very close to the starting diameter of 
the workpiece; the screw adjustment should 
be used only to compensate for the slight 
decrease in workpiece diameter as lapping 
proceeds. 

Applicability. Ring lapping, when per- 
formed by a skilled operator, offers at least 
two advantages over machine methods: 








€ Parts can be produced to extremely close 
tolerances 

© Out-of-roundness can be corrected 10 a 
degree not feasible by machine lapping 


Aside from requiring operator skill, howev- 
er, ring lapping is tedious and expensive, 
and it should be considered only when one 
or more of the following conditions prevail: 


* Equipment for any other method is not 
available 

е Workpiece is out-of-round 

© Weight of workpiece is unbalanced 

* Workpicce has two or more different 
diameters that must be lapped 

ө Workpiece has flats, keyways. or other 
interruptions on its cylindrical surface 

ө Only a few pieces are to be finished 





The following example describes a specific 
application in which some of the above 
conditions existed and in which ring lapping 
was therefore the most suitable method. 
Example 2: Preproduction Versus Pro- 
duction Lapping. In many cases, ring lap- 
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ping is used for parts being developed, and 
a more economical method is used when the 
parts are in production. This procedure was 
followed for the valve needle shown in Fig, 
3, which was ring lapped in small quantities 
during development but was machine 
lapped between plates (sec Example 3) in 
production lots. These needles, in diame- 
ters of 6.4 to 9.5 mm (4 to Ув in.), were 
made of alloy tool steel and hardened to 60 
to 65 HRC. 

For ring lapping, each needle was 
chucked by its stem and rotated in a lathe at 
650 rev/min. The lap (Fig. 3), which was 
made of cast iron, was stroked back and 
forth over the needle until grinding marks 
were eliminated. The lapping medium with 
which the needle was coated consisted of 
chromium oxide mixed with spindle oil. 
Lapping produced a finish of 0.050 pm Q 
pin.) and maintained tolerances of 0.0013 
mm (0.000050 in.) for straightness and 
0.00064 mm (0.000025 in.) for roundness. 

To ensure straightness, the laps used had 
to be at least three-fourths as long as the 
area to be lapped. The laps also had to be 
inspected frequently and had to be recondi- 
tioned by being lapped with internal laps of 
similar material. 











Machine Lapping 
Between Plates 

In the machine lapping of outer cylindri- 
cal surfaces between plates, the laps are 
two opposed cast iron or bonded-abrasive 
circular plates that are held on vertical 
spindles of the machine (Fig. 4). The plates 
are usually 200 to 710 mm (8 to 28 in.) in 
diameter, although larger sizes are avail- 
able. For the most part, plain-face laps are 
used. and for the greatest accuracy. the 
width of the lap face should not exceed the 
length of the surface being lapped. The 
workpieces are retained between these laps 
in slotted plates and are caused to rotate 
and slide. They are given an eccentric, or 
in-and-out, motion to break the pattern of 
motion and to ensure that they move over 
the inside and outside edges of the lap. This 
prevents grooving of the lap. For short 
runs, an eccentric motion is unnecessary if 
the laps are kept flat by reconditioning. 

Cast Iron Laps. When cast iron laps are 
used, the lower lap is usually rotated and 
drives the workpieces. The upper lap is held 
stationary, but it is free floating so that it can 
adjust to the variations in workpiece size. The 
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lower lap regulates the speed of rotation be- 
cause the workholder is not driven. 

The abrasive is used with a paste-type 
vehicle and is swabbed on the laps before 
the cycle is started. Oil or kerosene is then. 
added during the cycle to prevent drying of 
the vehicle, which may result in scratching. 

Because the upper lap floats, several 
parts must be lapped simultaneously. A 
quantity of three parts will support the 
upper lap, but when only three parts are 
lapped, the machine will not produce 
straightness or a common size. Therefore, it 
is advisable to lap a minimum of five parts; 
if this quantity is not available, the machine 
should be loaded with dummy parts. The 
best practice is to put as many р: 
possible in a load. This reduces the pressure 
on each part and slows the operation. Thus, 
the operator has more control and can se- 
cure desired tolerances more easily. 

Finishes as fine as 0.025 ат (1 pin.), with 
stock removal of 0.0025 to 0.010 mm (0.0001 
1o 0.0004 in.), are feasible when cast iron 
laps are used. Diametral tolerances as low 
as 0,00050 mm (0.000020 in.), roundness 
within 0.00013 mm (0.000005 in.), and taper 
of less than 0.00025 mm (0.000010 in.) have 
been achieved. However, such accuracy 
depends greatly on the accuracy achieved in 
prior machining operations. 

Bonded-Abrasive Laps. When bonded- 
abrasive laps are used, both laps are rotat- 
ed, with kerosene or a similar lubricant used 
as a coolant and to wash away chips or 
loose abrasive. Because both laps are driv- 
en at higher speeds than those used for cast 
iron laps, the lapping action is more severe. 
Consequently. the machine will not produce 
the extreme accuracy possible with ma- 
chines using cast iron laps. In addition, 
because bonded-abrasive laps must be 
dressed with diamond tools, it is not possi- 
ble to make them as flat as cast iron laps, on 
which the machines regenerate flatness. 

















The quantity of parts being lapped is less 
critical for machines using bonded-abrasive 
laps than for machines using cast iron laps, 
because both bonded-abrasive laps are rig- 
idly supported on spindles and separately 
driven. As few as three parts can be suc- 
cessfully processed in this type of machine. 

Applicability. Machine lapping between 
plates is an economical method of finishing 
outside cylindrical surfaces, provided its 
use is warranted by production quantities 
and is permitted by part configuration. The 
process can be used for lapping parts a few 
hundredths of a millimeter to 75 or 100 mm 
(3 or 4 in.) in diameter and 6 to 230 mm (V4 
to 9 in.) long. Parts commonly lapped by 
this method include plug gages, piston pins, 
hypodermic plungers, ceramic pins, small 
valve pistons, cylindrical valves, small en- 
gine pistons, roller bearings, diesel injector 
valves, plungers, small rolls, and miscella- 
neous cylindrical pins. 

Either hard or soft materials can be 
lapped, provided they are rigid enough to 
accept the pressure of the laps. Hard mate- 
rials respond well to lapping and achieve 
luster. Hard materials are also easier to 
control for tolerance because the hardness 
slows the operation. Soft materials lap more 
rapidly and (especially when bonded-abra- 
sive laps are uscd) often have a scratchy or 
dull appearance. This can be prevented by 
using a polishing abrasive, such as levigated 
alumina, which reduces the cutting ability 
of the bonded abrasive. 

Limitations. A part with a diameter great- 
er than its length is difficult or impossible to 
machine lap between plates. For parts of 
this type, other methods of outer cylindri- 
cal-surface lapping are more practical. 

Parts with shoulders require special 
workholders that permit the shoulder sec- 
tion to be placed on the inside or outside of 
the lap face. Parts with keyways, flats, or 
interrupted surfaces are difficult to lap by 
machine, because the variations in pressure 
that occur are likely to cause out-of-round- 
ness. If the relief extends over the entire 
length of the piece, this method of lapping 
cannot be used. 

Parts with raised hubs in the middle re- 
quire special laps that are cut in such a way 
that they clear the hub. Clearance is neces- 
sary between the hub and the work surface 
to allow for oscillation of the workpiece. 

Thin-wall tubing can be lapped, but if the 
walls are so thin that deflection is signifi- 
cant, it will be difficult to maintain round- 
ness. Parts that are hollow on one end but 
solid on the opposite end present problems 
in obtaining roundness and straightness, 
because the hollow end will deflect more 
under the weight of the upper lap. Plugging 
the hollow end of the part will sometimes 
solve these problems. 

Because it is impractical to keep more 
than one working surface on the face of cast 
iron laps flat, workpieces with work surfac- 
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es that have different diameters require a 
separate operation for each surface. It is 
usually impractical to machine lap work- 
pieces with diameters that are greater than 
the diameter to be lapped. 

The outside edges of the plates lap at a 
faster rate than the inside edges; therefore, 
care must be taken to prevent the work- 
pieces from becoming tapered. One method 
of overcoming the problem consists of using 
short lapping cycles and, at the end of each 
cycle, turning the workpieces end for end in 
the slots in the workholder. In addition, the 
workpieces should be removed írom the 
slots after each short cycle, mixed, and then 
replaced at random in different slots. This 
prevents the inadvertent placement of all 
larger pieces at one side of the workholder 
and smaller pieces at thc opposite side. 
Because the upper lap floats, this placement 
of the workpieces would make it difficult to 
produce accurate parts. Taper can be mini- 
mized by positioning the workholder so that 
the parts in the slots are at a 15° angle to a 
radius, as illustrated in Fig. 5. 

Because machine lapping between plates 
uses diametrically opposed laps, it cannot 
correct the out-of-roundness produced 
by centerless grinding. However, out-of- 
roundness of the type produced by grinding 
on centers can be corrected. The following 
example describes procedures for machine 
lapping between plates. 

Example 3: Lapping Valve Needles to 
Close Tolerance. The valve needles de- 
scribed in Example 2 and illustrated in Fig. 
3, although ring lapped in preproduction, 
were machine lapped between cast iron 
plates in production. Before being machine 
lapped, the parts were carefully ground for 
roundness and then (because the lap would 
ride on those parts that were largest in 
diameter) segregated into groups of 0.0025 
to 0.005 mm (0.0001 to 0.0002 in.) diametral 
variation. Both upper and lower laps were 
grooved to prevent the breakdown of sharp 
edges during lapping. A laminated phenolic 
workholder designed to hold a maximum 
load of parts (Fig. 5) was eccentric to the 
laps to provide an oscillating motion. 

In this operation, the cycle was stopped 
50 that the parts could be measured with an 
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electrolimit gage, a visual shadow gage, or 
an air gage. If the desired size had not been 
attained, more finish lapping compound was 
added and lapping was continued. Lapping 
produced a finish of 0.050 ат (2 pin.), 
roundness within 0.00064 mm (0.000025 
in., and straightness of 0.0013 mm 
(0.000050 in.). 

To recondition the laps, finish lapping 
compound was applied to the bottom lap. 
The laps were then brought together and 
rotated until the edges of the grooves were 
sharp. The laps required occasional regrind- 
ing to maintain a minimum groove depth of 
1.6 mm ("Ив in.) and width of 0.76 mm (0.030 
in.). 


Centerless Roll Lapping 

In centerless roll lapping, only a single 
piece is processed at a time. Therefore, this 
method is best suited to the lapping of small 
quantities of parts (usually, fewer than ten). 

A typical machine (Fig. 6) consists essen- 
tially of two 150 mm (6 in.) long cast iron 
rolls (one 150 mm, or 6 in., and one 75 mm, 
or 3 in., in diameter) and a reciprocating 
device for holding down the workpiece and 
controlling size. The end of the fiber stick 
that holds down the work is provided with a 
120* V-groove. In operation, abrasive com- 
pound is applied to the rolls, and both rolls 
are rotated in the same direction—away 
from the operator and counter to the direc- 
tion of workpiece rotation. The larger roll 
rotates at about 180 rev/min, the smaller roll 
at about 90 rev/min. The workpiece feeds 
across the rolls at about 50 mm/min Q in./ 
min) as the hold-down device is stroked 
back and forth to within 13 mm (% in.) of 
each end of the workpiece. 

The rate at which the workpiece feeds 
depends on the diameter of the piece. For 
example, if a 13 тт ( in.) diam workpiece 
feeds at 50 mm/min (2 in./min), a 25 mm (1 
in.) diam piece in the same setup will feed at 
approximately 25 mm/min (1 in./min). Slow 
stroking is necessary to obtain the best 
surface finish and control of size. Stock 
removal in centerless roll lapping is usually 
0.005 to 0.0075 mm (0.0002 to 0.0003 in.), 
depending on the finish obtained in the 
previous operation. 

The main advantage offered by centerless 
roll lapping is quick setup. Therefore, the 


process is readily adaptable to frequent size 
changes in short production runs, Limita- 
tions on the shape of parts for centerless roll 
lapping are similar to, but more stringent 
than, those that apply to machine lapping 
between plates. When both processes are 
equally suitable for a given application, the 
quantity of parts to be lapped determines 
which will be used. 


Centerless Lapping With 
Bonded Abrasives 

Centerless lapping is a variation of cen- 
terless grinding (see the Section **Grinding, 
Honing, and Lapping” in this Volume). The 
machines for the two processes are similar 
in appearance, but the lapping machine is 
constructed to produce finishes of 0.050 pm 
(2 pin.) or better, diametral accuracy of 
0.0013 mm (0.000050 in.), and roundness 
within 0.00064 mm (0.000025 in.). The lap- 
ping and regulating wheels are 560 mm (22 
in.) wide, which is much wider than those 
ordinarily used for centerless grinding. 
"Therefore, the work remains in contact with 
the lapping wheel longer and receives a 
finer finish. 

The regulating and the lapping wheels 
(both are bonded abrasive) can be angled so 
that their axes are not parallel. Ordinarily, 
the regulating wheel is adjusted to a positive 
angle of 1 to 3° (depending on the produc- 
tion and finish requirements), and the lap- 
ping wheel is adjusted to a negative angle of 
about —4°. When trued, both wheels as- 
sume a slight hourglass shape, which then 
allows them to wrap around the workpiece 
as it passes between them. They also con- 
tact the workpiece at an angle to its axis, 
which is different from the axial-line contact 
of a grinding wheel. This climinates lapping 
marks. 

The finest finish obtainable in a centerless 
lapping machine requires at least three op- 
erations, each with a progressively finer 
lapping wheel, and a full flow of clean fluid 
(such as kerosene) as a coolant. During the 
first operation, the workpiece is supported 
on a blade faced with hard steel or carbide. 
For correcting out-of-roundness, the center 
of the workpiece should be slightly above 
the center of the wheels. In the first opera- 
tion, a maximum of 0.013 mm (0.0005 in.) of 
Stock is removed, and a finish of 0.10 to 0.15 
шт (4 to 6 pin.) is obtained. For the second 
and third operations, the workpiece is sup- 
ported on a rubber blade and is centered on 
the wheels so that scratches are minimized. 
During the second operation, a maximum of 
0.0025 mm (0.0001 in.) of stock is removed, 
and a finish of 0.050 to 0.075 um (2 to 3 pin.) 
is obtained. During the third operation. 
practically no stock is removed, and a finish 
of about 0.050 рт (2 pin.) is obtained. 

Applicability. Centerless lapping is à 
high-production operation that is particular- 
ly suited to centerless ground parts that can 
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be continuously fed, cither manually or 
automatically. Parts 6 to 150 mm (V4 to 6 in.) 
in diameter by 380 mm (15 in.) long can be 
centerless lapped, and when a long bar feed 
is used, it is possible to lap parts 13 to 75 
mm (V^ to 3 in.) in diameter and 4.6 m (15 ft) 
long. Typical parts finished by centerless 
lapping are pistons, piston pins, shafts, and 
bearing races. 

Because little stock is removed in this 
process, only a small amount of correction 
can be made. Therefore, parts must be 
previously ground to the required straight- 
ness and roundness. 

Parts with shapes that have no irregular- 
ities are ideally suited to centerless lapping, 
but irregularities such as those on the part 
shown in Fig. 7 can be tolerated. Such parts 
may, however, present problems in holding 
tolerances because of the undercut and the 
keyway. Cross holes also add to the diffi- 
culty of holding extremely close dimensions 
in centerless lapping. The production rates 
attained in centerless lapping and in two 
other processes for the part illustrated in 
Fig. 7 are compared in the following exam- 
ple. 

Example 4: Production Rates for Cen- 
terless Versus Centerless Roll Versus 
Two-Plate Machine Lapping. The part 
shown in Fig. 7 (52100 steel hardened to 61 
to 63 HRC) was lapped by three methods 
for the removal of 0.005 mm (0.0002 in.) of 
stock to produce a finish of 0.025 pm (1 
шіп.). Productivity was as follows: 





Method of lapping Pieces per hour 


Centerless . " таене 100 
Centerless roll |... ъз» dU 
Two-plate machine ....................... HE 











Centerless lapping was done with bond- 
ed-abrasive wheels (355 mm, or 14 in., in 
diameter and 560 mm, or 22 in. long; grit 
size: 500) at a rotation speed of 52 rev/min. 
A blade fixture was used. 

Centerless roll lapping was carried out in 
a machine with two 150 mm (6 in.) long cast 
iron rolls—one 150 mm (6 in.) in diameter 
and one 75 mm (3 in.). The 1000-grit abra- 
sive used was contained in a paste vehicle. 
Rotation of the smaller roll was at 100 rev/ 
min. 
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In machine lapping between plates, the 
two laps, which were of cast iron, were 400 
mm (16 in.) in diameter and 75 mm (3 in.) 
thick. The spider fixture was used. Rotation 
speed was 100 rev/min, and an 800-grit 
abrasive was used in a water vehicle. 


Lapping of Outer Surfaces 
of Piston Rings 


Special procedures are required for lap- 
ping the outer cylindrical surfaces of parts 
that are considerably greater in diameter 
than in axial length. Piston rings are typica 
of such parts. Lapping is especially nece: 
sary for a chromium-plated piston ring be- 
cause the ring will quickly ruin a cylinder 
unless the minute chromium nodules are 
removed. 

Because of slight variations in machining, 
tings may have areas that exert low pres- 
sure. During lapping, material will be re- 
moved faster from the high-pressure areas, 
thus causing a more even distribution of 
pressure around the ring, removal of chro- 
mium nodules, and smoothing of the sur- 
face. A specific procedure employed in the 
lapping of piston rings is described in the 
following example. 

Example 5: Lapping Eight Piston Rings 
Simultaneously. The king setup shown 
in Fig. 8 was used for simultaneously lap- 
ping eight chromium-plated steel piston 
rings (hardness: 775 HV). The lap consisted 
of an outer cylinder that was a solid casting 
and an inner sleeve that could be replaced 
when worn out. Replacing only the inner 
sleeve was more economical than replacing 
the entire cylinder. The piston rings were 
reciprocated in the sleeve at 150 cycles/min 
by a special machine. During each recipro- 
cation, the stack of piston rings was rotated 
45°. The abrasive, which was fed in through 
slots near the center of the sleeve, con- 
tained 10% of 600-grit aluminum oxide 
mixed with 90% (by weight) of a commer- 
cial lapping oil. 

This practice was used for rings 51 to 216 
mm (2 to 812 in.) in diameter and 1.6 to 6.4 
mm (Vie to 4 in.) thick. Productivity was 2 
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to 48 rings/min, depending on ring size. 
Metal removal ranged from about 0.025 to 
0.038 mm (0.0010 to 0.0015 in.). Size, which 
was controlled by the number of cycles, 
was checked by measuring the gap between 
the ends of the ring when installed in a gage. 


Lapping of Crankshafts 


Crankshaft journals and pins and a vari- 
ety of similar cylindrical surfaces are often 
lapped when they require a finish better 
than that ordinarily produced by production 
grinding. The pin and journal surfaces on 
crankshafts, for example, are ground to 
finishes of 0.63 to 1.40 ит (25 to 55 pin.), 
but a finish of 0.10 to 0.20 um (4 to 8 pin.) 
is required for some applications. This finer 
finish has been inexpensively achieved by 
the method described in the following ex- 
ample, in which all surfaces are lapped in 
one setup. 

Example 6: Machine Lapping of Crank- 
shafts. Crankshafts were lapped in a ma- 
chine with a 355 mm (14 in.) swing and 810 
mm (32 in.) between centers. Work shoes 
automatically clamped coated-abrasive pa- 
per or cloth (fused alumina, 240 to 320 prit) 
around the crankshaft surfaces to be lapped 
(Fig. 9). Mineral seal oil was constantly 
applied to cool the surface being lapped. At 
a rotation speed of 125 rev/min and a recip- 
rocation of 80 cycles/min, about 0.005 mm 
(0.0002 in.) of metal was removed to pro- 
duce a finish of less than 0.25 um (10 pin.). 
Production rate was 70 crankshafts per 
hour. 


Lapping of Inner 
Cylindrical Surfaces 


Holes or bores are lapped by using either 
solid or adjustable laps, usually made of 
cast iron. The laps can be rotated by any 
one of a variety of machines, including 
honing machines, but lathes or polishing 
heads are most commonly used. The lap, 
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which carries the abrasive, is rotated while 
the workpiece is manually stroked over it, a 
procedure similar to manual honing. Ma- 
chines that reciprocate either the workpiece 
or the lap (usually the lap) in addition to 
rotating the lap also are used. These ma- 
chines resemble those used for power strok- 
ing in honing (see the article "Honing" in 
this Volume). 

In internal-surface lapping, virtually no 
stock is removed because stock can be 
removed at lower cost by honing. When 
lapping follows honing, it is usually just a 
touch-up operation. 

A variation of internal-surface lapping is 
employed for matching or mating male and 
female cylindrical components. For exam- 
ple, fuel injection plungers are often lapped 
into cylinders to produce matched pairs. In 
these applications, the male part, which 
rotates, becomes the lap. It is swabbed with 
abrasive, and the mating part is then manu- 
ally stroked over it. Skilled operators are 
required for these operations. 

Adjustable laps (Fig. 10) are available in 
almost any diameter larger than 1.6 mm (716 
in.). These laps are expanded manually, as 
required, during operation. Although vari- 
ous means can be used for expanding the 
lap. adjusting screws (Fig. 10) are most 
often used. Ring gages are examples of 
parts that are lapped to extremely accurate 
dimensions with adjustable laps. Tolerances 
specified for various diameters and classes 
of gages are given in Table 3. To obtain the 
accuracy required by the specifications in 
Table 3, it is necessary to adhere strictly to 
the following sequence of operations in lap- 
ping: 


* Determine the initial condition of the 
workpiece (amount of stock to be re- 
moved, and taper and roundness) 

Insert the shank of the lap into the pol- 
ishing-head chuck 

Coat the lap with abrasive compound 
Loosen the screw in the lap 

Place the workpiece on the lap 

Tighten the screw in the lap until the 
workpiece turns with slight resistance 
Start the machine and reciprocate the 
workpiece evenly by hand over the length 
of the rotating lap, maintaining uniform 
resistance, until the piece runs smoothly 
from end to end 

Stop machine, remove the workpiece and 
allow it to cool 

Measure the workpiece to check for size, 
taper, barrel or hourglass shape, out- 
of-roundness, and bellmouth 

Repeat the proc: except for the meth- 
od of reciprocation, until the desired re- 
sults are obtained. At this point, the 
method of reciprocation depends on the 
conditions found in measuring the ring. 
Over-size and out-of-roundness require 
slow, even reciprocation. Bellmouth re- 
quires reversal before the point of low- 
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ance is reached. Barrel or 
hourglass shape and taper require faster 
reciprocation, localized at the high areas. 
Extremes of the above (0.005 mm, or 
0.0002 in.) must be corrected by grinding 


Solid laps are low-cost round bars that 
are accurately finished to size. They are 
usually made of cast iron, but for extremely 
small workpieces, they can be of copper or 
other nonferrous metal. Ordinarily, solid 
laps are used only when one or two odd-size 
pieces require finishing. However, solid 
laps must be used for finishing inside diam- 
eters of less than 1.6 mm (Vie in.) (because 
this is the minimum diameter of adjustable 
laps), and they can also be used by skilled 
operators to correct bow or snake. The 
chief disadvantage of solid laps is that they 
are useless once they become only slightly 
worn, unless they are refinished for lapping 
smaller bores. 

Blind Holes. Lapping blind or partly blind 
holes presents problems because of uneven 
distribution of abrasive. The difficulty can 
sometimes be overcome by an improvement 
in lap design, as in the following example. 

Example 7: Lapping Blind Holes. The 
part shown in section in the lower portion of 
Fig. 11 was made of 52100 steel and hard- 
ened to 60 to 62 HRC, Parts of this type had 
main bores 6 to 9 mm (% to ¥% in.) in 
diameter and 25 to 38 mm (1 to 1% in.) in 
length. The bores were originally lapped 
with expansion laps made of cast iron and 
slotted in a straight line (Fig. 11). This type 
of lap did not allow enough lapping com- 
pound to reach the bottom of the bore; 
consequently, lapping action at the outer 
end of the hole was more rapid, and exces- 
sive taper was produced. 

‘The problem was solved by redesigning 
the lap. providing it with a right-hand spiral 
that formed a carrier for the lapping com- 
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Fig. 1] Зоот of spiral for straight slot in 
g. lap for better distribution of abrasive in 
lopping o blind hole. Dimensions given in inches 


pound (Fig. 11). The redesigned lap was 
held in a speed lathe (horizontal chucking 
head) and rotated clockwise at about 650 
rev/min; the part was rotated counterclock- 
wise. A coarse abrasive (grit size: 600) was 
used. Lapping removed 0.005 mm (0.0002 
in.) of stock at a rate of 40 pieces per hour. 
The bores were held to a diametral toler- 
ance of 0.0013 mm (0.000050 in.) and to 
straightness within 0.00064 mm (0.000025 
in.). Size and straightness were controlled 
by the use of an air gage and two master 
setting rings. 


Lapping Flat Surfaces 


Flat surfaces can be lapped by either 
manual or mechanical methods. In general, 
manual methods are used only when small 
quantities of parts are to be lapped or when 
special requirements must be met. Most flat 
lapping on a production basis is done with 
rotating two-plate machines similar to those 
used for lapping cylindrical surfaces. 


Manual Methods 


The hand rubbing of flat workpieces on a 
block or plate lap charged with loose abra- 
sive is the simplest method of flat lapping. 
The lap, usually made of cast iron, has 
regularly spaced grooves about 1.6 mm (Ле 
in.) deep to retain the lapping medium (usu- 
ally an abrasive-containing paste). The flat 
workpiece is rubbed on the lap in a figure 





Table 3 Lapping tolerances for various sizes of ring gages 
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bes in, тт mm in. mm in. 
0.737-20.96 0.029-0.825 .... 0.0010 0.000040 0.0018 0.000070 0.00254. 0.000100 
20.96-38. 0.825-1.510 . 0.0015 60.000060. 0.0023 0.000090 0.00305 0.000120 
38.356: 1.510-2.510... 0.0020 0.000080 0.0030. 0.000120 0.00406 0.000160 
6375-1 2.510-4.510..... 0.0025 0.000100 0.0038 0.000150 1.005 0.000200 
114.55-165.35 4.510-6.510, . 0.0033 0.000130. 0.0048 0.000190 5 0.000250 
6.510-9.010 . 0.0040 0.000160 6.0061 0.000240 0.000320 
228.85-305.05 9.010-12.010.... 0.0050 4.000200 0.0076 0.000300 0.01020 0.000400 








eight or similar motion that covers almost 
the entire lap surface, so that the lap will 
remain flat for a considerable amount of 
work. This method of lapping is slow and 
tedious and requires a high degrec of skill 
for optimum results. It is used only when a 
few parts must be lapped or when more 
efficient equipment is not available. 

Another and somewhat faster method of 
flat lapping single pieces makes use ofa 
single-spindle vertical drill press. The lap, 
which is stationary, is mounted on the stand 
of the drill press. The workpiece is held by 
the spindle, which rotates it against the lap. 
Light pressures are applied by hand. This 
method is slow, and the lap is likely to wear 
unevenly. However, it may be preferable to 
other flat lapping methods for some appli- 
cations. For example, certain round, flat 
sealing parts require a lapped surface with 
the concentric-line pattern produced by this 
method because random scratch patterns 
are not leakproof, To achieve the concen- 
tric-line pattern, the rotating part is held 
against a rotating or nonrotating lap of the 
same size so that there is no motion except 
the rotation between the workpiece and the 
lap. 

When concentricity of scratch pattern is 
not important, the method des ribed above 
is sometimes modified for faster lapping by 
oscillating the rotating workpiece back and 
forth over the lap. The workpiece should be 
mounted on the spindle of the drill press so 
that it is flexible and can float as it turns. A 
layer of rubber can be placed behind the 
workpiece to provide a suitably flexible 
mounting. 

Care should be taken when lapping for 
concentric patterns because this process 
violates one of the basic rules of lapping, 
namely, the random and nonrepeating mo- 
tion between the lap and the work. Without 
this random motion, a small scratch passing 
over the same spot soon becomes a deep 
groove, with the removed material picked 
up and welded to the lap. 


Mechanical Methods 
The two general types of machines for flat 

lapping are: 

e Single-face lapping machines having à 
single horizontal rotating lap 

€ Dual-face or four-way planetary lapping 
machines having two laps, one above or 
on top of the work and one below 





Single-Face Lapping Machines. The 
simplest single-face lapping machine is the 
horizontal rotating annular lap, with (usu- 
ally) three or four conditioning rings held in 
place on the lap face but free to rotate (Fig. 
12. The dynamic action of this system 
drives the rings in the same rotational direc- 
tion as the lap (Fig. 13). When abrasive is 
applied to the lap, the rings and the lap wear 
into intimate contact and are of ball-and- 
socket shape. This is the fundamental oper- 





Fig. 12 


ation of the single-face lap. If the rings are 
manipulated so that the lap is alternately the 
ball and the socket, then the lap flatness, and 
consequently the work flatness, can be held 
to within the required flatness tolerance. 

The manipulation of the rings usually 
follows one of two methods. If the ring is 
positioned with the center of the ring on the 
center of the plate track, the result will be a 
lap socket and ring ball. This is because the 
relative velocity between plate and ring. 
with both turning in the same direction, is 
higher at the lap inside diameter than at the 
outside diameter, thus wearing the center 
faster and creating a socket or bowl shape. 

Ifa tooth form is generated on the outside 
diameter of the conditioning ring and a 
corresponding driver is mounted at the lap 
center in mesh with the teeth, then the 
conditioning ring will be forced to rotate 
counter to the lap, the relative velocity ratio 
will be reversed, and the lap will wear in a 
ball shape. 

An alternative method for reversing the 
wear pattern is to shift the ring position 
toward the lap outside diameter. As the ring 
overhangs the plate, higher unit pressure is 
exerted on the lap outside diameter than on 
the inside diameter. This pressure increase 
causes increased wear. which exceeds the 
velocity wear and causes the lap to become 
ball shaped. 

With either type of machine, the rings act 
as tooling. The parts are placed in the ring 
or into carriers, which are then placed in the 








Typical horizontal single-face flat lap lapping machine with three conditioning rings. Ring position 
flattening is achieved by using gravity pressure. Courtesy of P.R. Hoffman Machine Products 


rings. For parts that are too large to fit in the 
rings, all but one can be removed, and 
fixtures can be made to hold the parts on the 
lap. The flatness is then controlled with 
both the ring and the parts, using the pres- 
sure flatting concept previously discussed. 

Various options are available to enhance 
the capability of this machine: 


* Pressure heads to apply down pressure to 
the parts through a pressure platen, 
which loosely fits the ide diameter of 
the rings 

@ Abrasive systems that automatically ap- 
ply a predetermined rate of slurry flow 

* Variable-speed drive to the lap 

* Variable-speed driven rings 

* Plate cooling 

* Sizing devices 











A variety of mechani and electronic 
gaging systems permit the in-process moni- 
toring of stock removal rates and workpiece 
thickness. These systems are frequency 
linked to the lapping machine so that a 
specific depth of material is removed and 
the machine stops when the target thickness 
is reached. These gaging systems include 
timers, hardened stops, electronic devices. 
and piezoelectric devices. 

Timers are extensively used when the 
process is rigidly controlled and repetitive 
parts are produced. Because the removal 
rate is very constant, final size can be held 
closely, especially if the raw part sizes are 
in a narrow band. 
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" Dynamics of the lapping machine shown in 
Fig. 13 12. Work to be lapped is placed 
within the conditioning rings, which are held in place but 
ore free to rotate. The work tends to abrade the lop 
plate, but the rotating action of the conditioning rings 
causes the lop plate to wear evenly, maintaining a flat 
surface. Standard machines handle parts from 3.2 to 810 
mm (Vs to 32 in.) in cross section. Steel, too! steel, 
bronze, cast iron, stainless steel, oluminum, magnesium, 
brass, quartz, ceramics, plastics, and glass can be 
lopped on the same lop plate. 





Hardened stops are used in conjunction 
with the timer to space the pressure plates, 
thus stopping the lapping action. 

Electronic devices are used to measure 
the drop of the pressure plate. This is an 
indication of the material removed. 

Piezoelectric Devices. The most unique 
sizing method is used on thin material and 
involves placing a piezoelectric wafer in 
with the parts. The wafer should be of the 
same thickness as the parts being lapped. 
As the wafer is lapped together with the 
parts being machined, the size is monitored 
by reading the frequency of the piezoelec- 
tric wafer. As an electrical signal is passed 
through quartz or similar piezoelectric ma- 
terials, the oscillation frequency of the crys- 
tal changes as the lapped wafer decreases in 
thickness. This phenomenon is exploited by 
using in-process gaging to stop the lapping 
process at a fixed frequency/thickness set 
point. In à production environment, size 
control of 0.0013 mm (+0.000050 in.) has 
been achieved using this method. 

Dual-Face Lapping Machines. Most of 
the dual-face lapping machines being pro- 
duced are of the planetary type, with the 
workholders (carriers) nested between a cen- 
ter drive and a ring drive (Fig. 14). These 
drives can be either gear- or pin-type config- 
urations, but must have positive engagement. 

The parts being worked are propelled by 
the carrier in a serpentine path between two 
flat lap plates, on which abrasive has been 
placed (charged) or is continuously fed in 
the form of 2 slurry. In the simplest form, 
the bottom lap is fixed, and the top lap is 
restrained from rotating but is allowed to 
float so that it always bears on the largest 
pieces and laps all the pieces to the same 
size. In a machine of this type, the part is 
dragged between the plates by the carrier, 
and all the lapping power is directed into the 
system through the center (sun) and ring 
drives. 
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Fig. 14 ^355 mm (14 in.) planetary fixed-plate dual-face lapping machine. The top plate has been removed 
g. to expose the center drive gear, ring drive, and ports carriers. Courtesy of P-R. Hoffman Machine 


Products 


The planetary fixed-plate machine has a 
decided disadvantage in that no successful 
method has been developed to flat the 
plates in the machine while processing 
parts. An additional disadvantage is that the 
carrier forces are high, thus causing teeth 
failure of thin carriers and edge chipping on 
fragile parts. 

The top plate drive machine was devel- 
oped to eliminate the need to remove the 
plates to grind them flat (Fig. 15). In a 
machine of this type, the top plate is driven 
twice as fast in the same direction as the 
carriers translate the bottom plate. As à 
result, the removal from the top and bottom 
of the work is equal, but the top and bottom 
plates wear as mirror images of each other. 
If the bottom plate is concave, the top plate 
is convex, and vice versa. Using variable 
speed on the ring and center drive, the 
operator can work the flatness of the bot- 
tom lap plate in the same manner as the 
single-face lap and keep both top and bot- 
tom laps flat within a required tolerance. 

The machine shown in Fig. 15 is a 1220 
mm (48 in.) double-face lap that has been 
loaded with sample parts appropriate for 
this type of processing. It should be noted 
that this machine is loaded in this manner 
for demonstration purposes only. 


Workpiece Size and Shape 
Parts 3.2 mm (¥ in.) in diameter or small- 
er and as large as 810 mm (32 in.) in diam- 


eter can be flat lapped. Table 4 indicates the 
number of parts of given diameters that can 
be accommodated by single-face flat lap- 
ping machines with laps 305 to 2135 mm (12 
to 84 in.) in diameter, in conjunction with 
various numbers and sizes of carrier rings. 
In addition, machines having plate diame- 
ters of 2440, 2690, 3050, and 3660 mm (96, 
106, 120, and 144 in.) are available. Large 
quantities of small parts can be lapped on 
large machines. Large parts can be lapped 
only on large machines. 

With the correct workholders and operat- 
ing conditions, parts thinner than 0,05 mm 
(0.002 in.) have been lapped. Workpiece 
height limitation is determined by machine 
clearances and by the ratio of height to 
lapped surface area. This ratio must be kept 
low enough to prevent tipping or rocking of 
the part during lapping, unless a workholder 
or fixture is provided. The restraint or sup- 
port required for typical shapes that can be 
flat lapped is indicated in Fig. 16. 


Flatness 

Flat lapping can produce flatness within 
one light band (0.29 pm, or 11.6 pin.) and 
smoothness better than 0.050 рт (2 pin.). 
In some optical applications, flatness is 
better than one-tenth light band. To obtain 
these results, the workpieces must be stable 
during the operation so that the possibility 
of stress relief that will result in distortion is 
eliminated. In addition, flatness of the lap or 





laps must be kept within the flatness toler- 
ance for the workpiece. 


Size Tolerance and Parallelism 

Parts having parallel faces, such as disks 
and seal rings, can be held to tolerances 
varying from +0.0025 mm (+0.0001 in.) for 
small parts to 0.025 mm (20.001 in.) for 
large parts. The difficulty in maintaining 
accuracy increases for parts of uneven con- 
figuration; such parts may require fixtures, 
which then determine the accuracy attain- 
able. The closer the tolerance requirements, 
the more difficult the operation is likely to 
be. 

Surfaces of disks, seal rings, and similar 
parts having parallel surfaces can be lapped 
on either the double-lap machines, which 
lap both sides in one operation, or the 
single-lap machines, which require two op- 
erations (one for each side), The single-face 
lap can be used to produce parallel parts, 
but is very skill sensitive and requires atten- 
tion to such details as cleanliness, lap and 
pressure plate flatness, and the use of mul- 
tiple transpositions. Parallelism require- 
ments of less than 0.0002 mm/mm (0.0002 
in./in.) of diameter or length in production 
lots dictate the use of a dual-face machine. 
These machines, with adherence to a pro- 
cess specification, can produce parts with 
opposing faces parallel within 0.00002 mm/ 
mm (0.000020 in./in.). 

The operation becomes simpler as the 
number of parts to be lapped at one time 
increases and as the distribution of thick 
and thin parts improves. When only a few 
workpieces are lapped, or if the thickness of 
the part varies more than about 0.075 mm 
(0.003 in.), it may be necessary to distribute 
the thicker parts selectively or to remove 
and redistribute the parts before lapping the 
second side. Allowance for stock removal 
in this type of operation should be 1/2 to 2 
times the amount that the parts are out- 
of-parallel plus the amount of the variation 
in part sizes. 





Procedure 

Flat lapping is typically employed on pis- 
ton rings when side flatness is extremely 
critical and on other ringlike parts. Al- 
though most ring-shaped parts can be 
lapped without elaborate procedures, spe- 
cial problems often arise. 

There are two main problems in lapping 
piston ring sides: 


€ The rings are flexible and can be easily 
distorted under load 

е Some piston rings have a very smooth, 
polished finish on the circumference that 
must not be marred during lapping 


Some load must be applied during lapping 
because the rings are too light to lap without 
added load, but the applied load must not be 
great enough to distort the ring. An alumi- 
num pressure plate is used because it is light 
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15 А 1220 mm (48 in.) planetary top plate drive dual-face lapping machine looded with a voriety of 
g. components having various configurations and thicknesses to demonstrate the processing capabilities of 
the equipment. Shown clockwise, starting with the bottom-most carriers, are the hardened high-carbon steel shear 
blades; 102 by 102 mm (4 by 4 in.) photomask blanks used to project microcircuits onto electronic substrates; stainless 
steel sender bars, which will be etched into optical position indicators; valve plates machined from cutoff hol-rolled bar 
stock for use in hydraulic motors; and a hardened alloy steel rotary slitter blade. 





Table 4 Load capacities of planetary flat lapping machines 
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р Ports requiring different amounts of re- 
Fig. 16 петог support in flat lapping. Symmet- 
rical components similar to (a) and (b) do not require 
workholders for flat lapping. Asymmetrical components 
similar to (c) and (d) require workholders to keep them 
separated from each other. Parts similar to (e) require 
workholders to keep them from tipping. 





but also rigid enough to stay flat. In the 
modern dual-face lap, parameters such as 
the applied pressure due to the weight of the 
top plate are computer controlled, and the 
machines can be easily set up to lap parts 
requiring specialized processing. In the two 
examples that follow, procedures success- 
fully employed for the flat lapping of a 
ringlike part (Example 8) and a more com- 
plex configuration (Example 9) are de- 
scribed in detail. 

Example 8: Lapping of Bearing Races. 
The setup shown in Fig. 17 was used for 
lapping the flat sides of inner and outer 
bearing races made of carburized or 
through-hardened steel in diameters from 30 
to 215 mm (1%6 to 8% in.). The machine had 
two bonded-abrasive laps (400-grit silicon 
carbide) that rotated in opposite directions 














[ Production capacity (quantity of puris). 


























610 mm (24 915 mm (36 in.) 910 mm (36 in.) 1220 mm (48 1430 mm (72 in.) 
305 mm (12 in.) in.) diam laps: 610 mm (24 in.) dium laps; four in.) diam laps: diam laps; four 2135 mm (84 in.) 
diam laps; three. three 248 mm diam laps; four 321 mm (125% four 432 mm 692 mm (27% dium laps; four 
108 mm (4/4 in.) (9% in.) ID. 210 mm (844 in.) in.) D in.) ID. 
1D conditioning conditioning ID conditioning conditioning conditioning 
rings rings rings rings rings 
Workpiece diameter(a) Ful Еа — Ful Each Full Fach Full Each Foll Each РЫШ Each Full 
mm in. lad ring юй ring load ring load ring Jud ring юй ring load 
64 и 705 1300 3900 — 920 3680 ] 
n и 165 30 930 220 880 70 2100 560 
19 у 69 10 390 90 360 300 900 245 У 
25 MA 3 70 210 55 220 165 495 130 235 9 60 2480 
32 IA 4 45 135 32 128 105 315 80 м5 580 390 1560 
38 1%... 15 31 93 2 88 70 210 55 100 400 270 1080 375 1500 
50 2 6 17 51 2 48 39 17 3 55 220 145 580 205 820 
75 rS 3 7 2 3 20 16 48 3 2 9 60 240 85 340 
100 4 3 4 n 2 8 9 27 7 n 52 34 136 48 192 
150 6 < 1 3 1 4 4 2 5 20 14 56 21 84 
200 8.. 1 3 1 4 1 3 П 2 8 8 2 " 44 
250 10 . 1 3 1 1 4 5 20 7 28 
360 14.. ` oo 3 12 
380 15.. 2 8 
400 16 2 8 
360-660 14-26 1 4 Р = 
430-790 17-31 z 1 4 


(a) When using this table for determining capacity of machine with work separator. use the value for diameter next larger than that of the workpiece to be processed. Conditioning rings are carrier rings 
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А Setup for lapping inner or outer bearing 
Fig. 17 шш 


at 88 rev/min. The head of the machine, 
which was like that of a vertical drill press. 
was air actuated. It raised and lowered the 
top lap and could apply adjustable down- 
ward pressure (up to 414 kPa, or 60 psi) to 
the top lap. The bearing races were hand 
loaded in a horizontal circular fiber carrier 
that was eccentrically mounted over the 
bottom lap. The carrier rotated at 7% rev/ 
min, and was adjusted so that eccentricity 
was up to 25 mm (1 in.) and part clearance 
was about 6.4 mm (М in.). A viscous cutting 
oil was fed to the laps during the operation, 
and the laps were dressed two or three 
times during an 8-h shift. A maximum of 
0.013 mm (0.0005 in.) of stock was removed 
from the races, leaving a finish of 0.075 pm 
(3 nin.). When checked with an indicator 
(0.0025 mm, or 0.0001 in.. per division), по 
deviation from parallelism was detected. 
Example 9: Flat Lapping of Swing 
Check Valve With Special Laps and Fi: 
tures. The seats of swing check valves were 
lapped to the required flatness using the 
setup and relatively simple fixture shown in 
Fig. I8. This type of setup can be used for 
lapping similar offset flat surfaces. Cast iron 
laps were used, along with loose abrasive. 
The portion of the workpiece that protruded 
beyond the lapped surface extended over 
the inside or outside diameter of the lap and 
was loosely held in position by a cutout 
nesting fixture. To apply additional weight 
on the uneven back surfaces of the work- 
pieces, rubber buttons on the underside of a 
pressure plate were placed so that they 
rested on the high points of the workpieces 
when lowered into lapping position. The 
pressure plate (not shown in Fig. 18) was 











Workpiece (bronze) 


Fig. 18 Sete e lopping seats of swing check 


indexed so that the buttons always rested in 
the correct position on the workpieces. 


Lapping End Surfaces 


End lapping and conventional flat lapping 
are similar in principle, and the same ma- 
chines are often used for both processes. As 
in flat lapping, fixtures are often necessary 
to prevent workpieces from tilting. In many 
cases, a workpiece whose height is several 
times the width of its lapped area is support- 
ed in a special fixture and processed in 
standard flat lapping machines. Engine con- 
necting rods are notable cxamples. Faces 
that hold the shims for the connecting rod 
caps in assembly are supported by means of 
specially designed fixtures, and they are 
forced, by weight or air pressure, against a 
rotating lap. Their mating caps are often 
lapped at the same time. For straight cylin- 
drical parts (not tapered), fixtures for end 
lapping are simple, and various methods 
can be used, as in the following example. 

Example 10: End Lapping of Straight 
Cylindrical Rollers. A special machine was 
used for the high-production end lapping of 
rollers. Figure 19 shows the important com- 
ponents of this machine, which included an 
enclosed track that allowed the rollers to 
travel in a loop. The rollers were thus 
exposed to the bonded-abrasive wheels 
twice per trip around the track. The number 
of cycles required varied with the initial 
condition of the rollers. The laps, which 
were commercial vitrified wheels, rotated in 


Lapping wheel 








Load 


Lepping wheel 


Urtoad~ Workpiece 


Setup for end lapping large quantities of 
hordened steel rollers 


Fig. 19 


the same direction at 1350 rev/min and were 
cooled with a low-viscosity honing oil. 


Problems in Flat 
and End Lapping 


The problems encountered in flat and end 
lapping (and often in other methods of lap- 
ping, as well) are usually related to surface 
roughness or scratches, drop-off at edges, 
low rate of stock removal, improper size 
control, and failure to attain desired flatness 
and parallelism. These problems can be 
solved through proper control of the follow- 
ing conditions: 


© Preparation of the workpiece 

е Selection and application of the abrasive 
and the yehicle 

е Sweep path of the workpiece over the lap 

e Condition of the lap surface 

e Interchange or transposition of work- 
pieces during the lapping cycle 

* Duration of the lapping cycle 

© Cleanness of the environment 


Preparation of the Workpiece. Parts to 
be lapped must have smooth, regular edges 
because irregularities at the edge cause the 
abrasive grains in the lapping compound to 
burst free and form the foxtail pattern 
shown in Fig. 20(a). (This effect may result 
also from etching on the lapped surface.) To 
provide the smooth edges, it may be neces- 
sary 10 barrel finish workpieces in fine 
abrasive, or to buff them, prior to lapping. 
Glass parts are frequently beveled on auto- 
matic machines, and the cdges of electronic 
materials are rounded off by grinding prior 
to lapping. This not only eliminates foxtail- 
ing but also presents a much stronger edge 
to the driving carrier, thus minimizing edge 
chips and scratches. 

Workpieces that have drop-off at edges, 
from previous operations, are subject to 
hydraulic cut in lapping. In hydraulic cut 
(Fig. 20b), the lapping abrasive builds up in 
the area of drop-off and perpetuates the 
condition. If drop-off cannot be eliminated, 
hydraulic cut can be minimized by the use 
of lesser amounts of abrasive in lapping. 
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t desirable consequences of impro; 
Fig. 20 Trou in pap 
e er preparation of workpieces for lapping. 

See text for discussion. 


This remedy is usually uneconomical, how- 
ever, because the stock removal rate de- 
creases when a lesser amount of abrasive is 
used, and the likelihood of glazing is in- 
creased. Glazing can be prevented by the 
use of a diamond-base abrasive that con- 
tains aluminum oxide as the main cutting 
agent. The diamond abrasive should be of 
smaller grit size than the aluminum oxide; 
М um (10 pin.) diamond has been success- 
fully used with 1200-grit aluminum oxide. 
Metal particles must be removed from the 
surfaces of workpieces to be lapped so that 
the laps do not become charged with these 
particles and scratch the workpiece. Work- 
pieces that have been ground should be 
freed of metal particles by being barrel 
finished in fine abrasive before being 
lapped. Previously lapped workpieces also 
may have particles adhering to the surface. 
To remove these particles, the workpieces 
must be rubbed on a dead lapping block (a 
lightly charged, noncutting block). 
Abrasives and Vehicles. Coarse finish, 
scratches, loss of fatness or parallelism, 
and inadequate or excess stock removal 
rate often result from the use of improper 
abrasive or vehicle or from improper meth- 
od of application of the lapping medium. In 
the sections "Selection of Abrasive" and 
"Selection of Vehicle" in this article, the 
basic considerations in the choice of these 
media for a given application are discussed 
in detail. Excessive amounts of lapping 
abrasive cause dull finishes, loss of size 
control, edge drop-off, and low rates of 
stock removal. Abrasive films that are too 
thin react similarly, except that they pro- 
duce bright finishes and may result in glaz- 
ing. 
Selection of Sweep Path. The sweep 
path illustrated in Fig. 21(a) is advantageous 
for rectangular pieces with height-to-area 
ratios greater than 2 to 1. One of the longer 
edges of the lapped area should be the 
leading edge. To keep the lap flat, the 
carrier must be positioned so that part of a 
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А Typical sweep paths of workpiece over lap 
Fig. 21 (275 ct lapping. See text for discussion. 


workpiece sweeps over the outside and the 
inside of the lap face. The eccentric throw 
of the carrier must be reduced when the 
workpiece is large in relation to the width of 
the lap face; thus, practically straight-line 
lapping occurs. As a result, it is difficult to 
keep the lap flat, to control the size of the 
workpiece, and to obtain parallelism. The 
best lapping action is obtained when every 
new grain cut line crosses every previous 
grain cut line at an angle. 

‘The path shown in Fig. 21(b) is advanta- 
geous for small rectangular pieces over 1.0 
mm (0.040 in.) thick and with a height- 
to-area ratio less than 2 to 1. The amount of 
sweep is determined by the throw of the 
carrier. Excessive throw of workpieces of 
small area is detrimental because of the high 
rate of side motion at reversal points. Insuf- 
ficient throw of workpieces of large area is 
detrimental becausc the lapping pattern ap- 
proaches a straight line. 

The sweep paths illustrated in Fig. 21(c) 
and (d) are derived from planetary action 
and are advantageous for cylindrical and 
square workpieces, as well as rectangular 
workpieces with height-to-area ratios of less 
than 2 to 1. These sweep paths help in 
reducing hydraulic cut because the leading 
edge constantly changes, especially on 
shorter sweep paths. This provides a non- 
directional pattern. As workpiece size is 
increased in relation to carrier size, the 
center of the workpiece tends to travel in a 
circular path and may increase the difficulty 
of maintaining flatness and parallelism. 

Condition of Lap Surface. A dull gray 
surface on thc lap is best for stock removal 
but not for producing highly reflective fin- 
ishes. Conversely, bright lap surfaces are 
excellent for producing highly reflective fin- 
ishes, but poor for stock removal. When 
using laps having bright surfaces, the abra- 
sive film must be thin. If not, scratching will 
result. However, a film that is too thin may 








Lapping / 503 


causc glazing and loss of control of size and 
flatness. Sand and other impurities in the 
lap surface sometimes break free and cause 
scratches, especially when heavy, viscous 
films of lapping compound are used. 

A scleroscope hardness range of 27 to 32 
(89 to 99 HRB) has proved optimum for cast 
iron lap surfaces. Harder laps often cause 
glazing and scratching. Softer lap surfaces 
cause loss of flatness and parallelism and 
also produce grayer finishes. 

Interchanging or transposing work- 
pieces during the cycle is advantageous for 
producing consistent results. An increase in 
handling time and cost is the only disadvan- 
tage of this practice. Either of two methods 
can be used: 


ө Workpieces іп a load are interchanged 
between runs, and each load is processed 
independently until finished size is at- 
tained. Drop-off can be minimized by 
turning the workpieces end for end (re- 
versing their leading edges) during the 
interchange 

Workpieces in a series of loads are inter- 
mixed at random outside the machine 
after cach load is lapped for a given time. 
The process is repeated until size is 
reached. This method is usually the more 
economical 


Duration of Lapping Cycle. Required 
lapping time is usually determined experi- 
mentally for a new job. Extremely short 
cycles (in the range of 1 to 3 min) are not 
economical, because too great a portion of 
the total time is used for loading and unload- 
ing. However, short cycles are preferred for 
size control. When abrasive is not continu- 
ally fed to the laps, there is an optimum time 
for any job that must be determined by trial. 

Cleanliness of the environment is im- 
portant to the success of any lapping oper- 
ation. Scratches, edge drop-off, and related 
difficulties can often be attributed to the 
dropping of air-borne particles into open 
machines, the use of contaminated abra- 
sives, or inadequate cleaning of work- 
pieces. 





Lapping Spherical Surfaces 


Any of several methods can be used for 
lapping spherical surfaces. Size. quantity, 
and required accuracy of the workpieces 
are the main factors that determine choice 
of method. 

In single-piece lapping, concave or con- 
vex laps arc individually contoured to the 
workpiece. The laps should be made of 
fine-grain cast iron, which is suitable for 
lapping virtually any metal if the process is 
continued for enough time. Any of several 
types of machines that have one or two 
rotating spindles, such as drill presses or 
milling machines, can be used. 

When machines with one spindle are 
used, rotating the lap against the workpiece 
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А Setup for single-piece spherical lapping 
Fig. 22 vin’ one-spindle machine using с rotat- 
ing lap. See text for discussion. 


is preferred because preparing a lap with 
either a straight or tapered shank to be held 
in a chuck is simpler than improvising a 
method of holding a workpiece for rotation. 
A magnetic chuck can hold workpieces 
made of ferrous metals. Clamping devices 
must be used for parts made of nonferrous 
materials. A crank, which is held by the 
chuck of the turning machine, is construct- 
ed with a ball-end crankpin that fits a drilled 
hole in the back of the lap (Fig. 22) and 
causes the lap to rotate over the surface of 
the workpiece. The part is in line with the 
spindle of the turning machine; the crankpin 
is offset from center as required for the 
diameter of the workpiece. For best results, 
the lap should be heavy enough to provide 
the required lapping pressure (about 70 kPa, 
or 10 psi) on the workpiece. If necessary, 
added pressure can be applied to the lap by 
a hand feed lever. such as that on a drill 
press, but it should be applied carefully 
because excessive pressure can throw the 
lap off the work. 

When machines with two spindles are 
used, one spindle holds and rotates the 
workpiece while the other holds the lap in a 
floating position and oscillates it through an 
angle large enough to lap the required por- 
tion of the surface. A typical setup is illus- 
trated in Fig. 23. One of the spindles must 
be designed so that it slides as the lap and 
the workpiece wear and thus keeps a con- 
stant pressure on the workpiece. 

Multiple-Piece Lapping. Quantities of 
spherical parts are lapped on a concave or 
convex lap (Fig. 24). The lap can replace the 
lap on a conventional planetary lapping 
machine, or it can be fastened into the 
counterbore of the existing flat lap with 
holding brackets. Contoured laps should be 
made of fine-grain cast iron and should be 
machined to the required radii. 

For continuous lapping operations, the 
conditioning (carrier) rings used should be 
made of the same material as the lap so that 
the rings and the lap wear at the same rate. 
When more than one part is lapped within 
each conditioning ring, workholders made 
of fiber, wood, or similar materials are 
required. Workholders are machined to the 
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Я Setup for single-piece spherical lopping 
Fig. 23 ji two-spindle machine. 


same curvature as the lap plate and cut out 
so that the workpieces can fit into them. 

Heavy workpieces can be lapped without 
additional weight applied, but pressure 
plates can be placed atop lighter pieces to 
provide sufficient weight for lapping. These 
plates can be of various weights to suit 
requirements, but they must be shaped to 
conform to the final workpiece shape. 

Planetary lapping machines converted to 
use for spherical workpieces are used to lap 
parts having radii of 1525 to 3050 mm (60 to 
120 in.), the applications for a specific ma- 
chine being limited by the dimension of its 
conditioning rings. The capacity of the ma- 
chine will be the same as for flat lapping 
(Table 4). 

In plain planetary lapping machines that 
are prepared for contour lapping but not 
equipped with conditioning rings, work- 
pieces are held by hand or by improvised 
fixtures. In this case, the workpieces should 
be moved over the entire area of the lap 
with reasonable consistency so that the lap 
is worn evenly and its life is prolonged. 


Lapping of Balls 


Spherical parts such as balls for ball bcar- 
ings can be economically lapped to close 
dimensional tolerances and smooth finish- 
es. Two machines used in production are 
the multigroove lapper and the single- 
groove lapper. 

A multigroove lapper is shown in Fig. 25. 
The machine consists of two cast iron laps 
(130 to 150 HB); one is stationary and one 
rotates. Each lap has a series of concentric 
grooves that correspond with the grooves in 
the other lap. The radii of the grooves are 
the same as the radii of the balls being 
lapped. The stationary lap is cut out for the 
entrance and exit of the balls, which are fed 
in at spaced intervals. 

In the multigroove machine, the speed of 
the rotating lap is normally between 50 and 
65 rev/min, and the load is usually 33 to 44 
KN (7500 to 10 000 Ibf). Stock of 0.010 to 
0.015 mm (0.0004 to 0.0006 in.) is removed 
from the diameters of the balls: the time 
required is 8 to 24 h, depending on the 
dimensions and finish specified. Balls up to 
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about 44.5 mm (134 in.) in diameter can be 
lapped in this type of machine to an accu- 
racy better than 0.00064 mm (0.000025 in.) 
and a finish better than 0.050 рт (2 pin.) 

The single-groove machine is used for 
balls larger than about 44.5 mm (1% in.) in 
diameter and for balls of any size that 
require greater accuracy and better surface 
finish than are obtainable in the multigroove 
machine. In the single-groove machine, 
which also employs two opposing cast iron 
laps, the shaft may be either horizontal or 
vertical. There is no cutout in either lap. 

Balls to be lapped are alternated with 
spacer balls of slightly smaller diameter 
until the groove is filled. The speed of the 
rotating lap may vary from 30 to 150 rev/ 
min, depending on ball size and material 
and on the accuracy and surface finish 
desired. The load may be as low as 135 N 
(30 Ibf) when extremes of accuracy and 
finish are sought, and the lapping time may 
extend to three days. Usually, 0.005 to 
0.0075 mm (0.0002 to 0.0003 in.) is removed 
from the ball diameters. Accuracy to less 
than 0.125 jum (5 pin.) and surface finish of 
0.01 pm (0.5 pin.) are possible. 

Assuming that the pitch diameter of the 
groove is 38 mm (15 in.) and that spacer 
balls are used, 188 balls 3.2 mm (78 in.) in 
diameter or 9 balls 67 mm (2% in.) in 
diameter could be finished in a single- 
groove machine in one run. However, less 
than the groove complement (even a single 
ball) can be lapped by using dummy balls of 
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26 Schematic view of setup for matched-piece lapping roller-bearing cage assemblies into mating outer 


Fig. 26 17 


another material between the spacer balls to 
fill the groove. The material used to make 
the dummy balls must be different in some 
way (for example, color, density, magnetic 
properties, or reflectivity) from the material 
in the workpieces for easy identification. 
In both types of machines, there is a 
constant flow of fluid lapping compound. 
which usually consists of fused alumina of 
grit size 5 to 10 wm (200 to 400 pin.) 
suspended in 10% soluble oil and 90% wa- 
ter. Mineral oil can be used instead of 
soluble oil and water. Although costs are 
greater for single-groove lapping than for 
multigroove lapping, in either process costs 
are proportional to the time required for 
obtaining desired accuracy and finish. 
Most hard materials can be lapped to 
greater accuracy and better surface finish 
than soft materials. Rate of stock removal 
can be increased by using harder abrasives 
such as boron carbide or diamond. Howev- 
er, the use of harder or coarser abrasives 
results in some loss of surface smoothness. 





Lapping to 
Accelerate Wear-In 


Internal lapping is often employed as an 
accelerated wearing-in process for matching 
and aligning components of bearing assem- 
blies. In most applications of this type. 
virtually no stock is removed, and some- 
times the desired surface correction is so 
slight that no abrasive is needed. Typical 
tooling and techniques are described in the 
following example. 

Example 11: Lapping of Bearing As- 
semblies. The setup illustrated in Fig. 26 
was used for the simultaneous lapping of 
two roller-bearing cage assemblies into mat- 
ing outer races. All components of these 
assemblies except cages were made of steel 
carburized and hardened to 60 HRC. As 
shown in Fig. 26, the cage assemblies were 
mounted at cach end of a horizontal driving. 
spindle. The outer races were positioned by 
horizontally actuated pressure heads 
through which the lapping compound was 
supplied. 

Lapping was performed by rotating the 
cage assemblies against the races at 1063 
rev/min under pressure of 70 to 100 kPa (10 


to 15 psi) for 5 min. The lapping compound 
was prepared by mixing 0.68 kg (24 oz) of 
medium-hard, 800-grit silica with 38 mL (10 
gal.) of paraffin oil. The compound was 
recirculated and was changed every ten 
shifts (80 h). This machine could process 
cage assemblies of various outside diame- 
ters to a maximum of 190 mm (7% in.). 


Lapping of Springlike Parts 


Special equipment and techniques arc 
sometimes required for lapping unusual 
parts. Springlike parts such as those used in 
numerous preci п mechanisms are exam- 
ples of parts requiring specially designed 
equipment and techniques. 


Lapping of Gears 


Gear lapping corrects the minute errors in 
involute profile, helix angle, tooth spacing, 
and concentricity created in the forming or 
cutting or in the heat treatment of the gears. 
The lapping can be done by running a set of 
gears in mesh or by running one gear with a 
gear-shaped master lapping tool. 

Gear lapping is most often applied to sets 
of hardened gears that are required to run 
silently in service. Gear lapping is strictly a 
mating process and is not intended for stock 
removal. Two gears that have been matched 
by lapping should be operated as a set, and 
they should be replaced as a set, rather than 
singly. 

Gears are lapped in special machines, 
which can be arranged for manual, semiau- 
tomatic, or automatic operation. In semiau- 
tomatic operation, loading and unloading 
are manual: in automatic operation, loading 
and unloading are done automatically in 
accordance with a programmed cycle. 

Angular, spur, and helical gears can be 
lapped, but the process is mainly applied to 
spiral bevel gears and hypoid gears. A typ- 
ical setup used for lapping hypoid gears is 
shown in Fig. 27. Gears of up to 915 mm (36 
in.) pitch diameter can be lapped in semiau- 
tomatic or automatic operation. Manual lap- 
ping, in special equipment, is employed for 
gears of approximately 2540 mm (100 ia.) 
pitch diameter down to the smallest gear 
that can be manufactured. Production lap- 
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Fig. 27 setup for the lapping of hypoid gears 


ping machines can be adjusted to lap gears 
with shaft angles of 0 to 180°. 

Lapping Media. Optimum grit size varies 
with different types and sizes of gears. A 
280-grit abrasive is used for spiral bevel 
gears; a finer abrasive (about 400-grit) is 
more suitable for hypoid gears because the 
sliding action is greater. As a rule, coarser 
grit is used for gears having a coarse pitch, 
and finer grits are used for gears having a 
fine pitch. When compound is brushed on, 
as in manual operation, a paste-type vehicle 
is used. However, in semiautomatic or au- 
tomatic lapping, the abrasive should be 
mixed with a thin oil (such as mineral seal 
oil) so that it can be pumped to the work- 
pieces (Fig. 27). 

Processing Techniques. It is important to 
roll all mating gears together before lapping 
to detect nicks and burrs, which can be 
removed by a small portable hand grinder 
before the gears are lapped. This prelimi- 
nary rolling also inspects tooth contact, 
which should be in the same location for 
each set of gears and is especially important 
in automatic lapping. 

During the lapping operation, the pinion 
(smaller gear) is used as the driver, and the 
larger gear is the driven member. The driv- 
en spindle is also used for applying the 
necessary tooth-contact load by adjusting to 
a slight drag. Running cycles as short as 15 
s at about 76 m/min (250 sfm) can frequently 
produce desired results. However, longer 
time cycles may be nei ary, depending 
on initial gear-tooth finish and service re- 
quirements. 

Low noise level is the criterion of suc- 
cessful gear lapping. Because gear lapping 
is strictly a mating process and no stock 
removal is intended, measurements are not 
made as in most other lapping processes. 
Minor corrections in tooth bearing shape 
and position can be obtained, however. 
Lapping does improve the finish of gear 
teeth, but improved finish is seldom the 
purpose of gear lapping. 
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Introduction 


Gary F. Benedict, Allied-Signal Aerospace Company, Garrett Engine Division 


NONTRADITIONAL MACHINING 
PROCESSES have evolved out of the in- 
creasingly complex needs of modern soci- 
ety. Inventions have been created to meet 
these needs, and new tools have been 
devised to enable the creation of increas- 
ingly sophisticated inventions. 

One invention that has created new man- 
ufacturing challenges is the airplane. In the 
effort to increase performance, slow-flying 
aircraft have evolved into transatmospheric 
vehicles, and this has required continual 
improvements in materials to meet the de- 
mands for improved engine and aircraft- 
skin operating temperatures. Over the last 
60 years, engine operating temperatures 
have been increased by more than 1100% 
and aircraft-skin operating temperature re- 
quirements have been increased by 2500% 
to withstand the increased friction resulting 
from extremely high airspeeds (Ref 1). 

Technological developments of this type 
have prompted the creation of new, diffi- 
cult-to-machine materials, such as metal- 
matrix composites, monolithic and compos- 
ite ceramics, aluminides, and high- 
performance polymers. The difficulty in 
machining these and other new materials 
results from their high hardness and brit- 
tleness, high refractoriness, poor thermal 
properties, chemical reactivity with the 
cutting tool, and inhomogeneous micro- 
structures (Ref 2). In many cases, the only 
effective way to machine such materials is 
by nontraditional methods. 

A concise definition of nontraditional ma- 
chining processes is difficult to establish 
because of the widely differing processes 
that fall into this category. Generally, non- 
traditional processes are considered to be 
manufacturing processes adopted in the last 
50 years that use common energy forms in 

















Table 1 Categories of nontra 


new ways or that apply forms of energy 
never used before. Nontraditional pro- 
cesses are subdivided according to the form 
of energy being harnessed. The generally 
accepted categories are mechanical, electri- 
cal, thermal, and chemical. Table | lists the 
processes that fall within each of these 
areas. 

Mechanical Methods. Mechanical non- 
traditional processes harness direct me- 
chanical abrasive action to remove materi- 
al. Mechanical processes are usually 
applied to workpiece materials that are dif- 
ficult to machine by traditional techniques 
because of material hardness, toughness, or 
brittleness. Ceramics, composites, and or- 
ganic materials are particularly good candi- 
dates for mechanical machining because 
most of them are not electrically conductive 
(a requirement for processing by electrical 
methods) and because they are damaged by 
burning, charring, or cracking when thermal 
processes are applied. 

Electrical Methods. The electrical non- 
traditional processes arc limited in applica- 
tion to electrically conductive workpiece 
materials. Workpiece materials that are dif- 
ficult to machine by conventional means 
constitute a large percentage of the applica- 
tions in this category; however, numerous 
applications are selected because of the 
ability of the electrical processes to produce 
complex shapes in a single pass of the tool 
and (with the exception of the electrical 
grinding variations) to process parts without 
tool wear. 

Thermal Methods. Primarily because of 
rapid increases in the sales of wire electrical 
discharge machining and laser equipment, 
thermal processes have become the fastest- 
growing segment of the nontraditional mar- 
ket. Given the diversity of energy sources 


used in this category (electrons, photons, 
electrical sparks, and so forth), generaliza- 
tions are difficult to make concerning the 
application of these processes. Thermal 
processes are generally unaffected by the 
physical properties of the materials being 
processed and are therefore often applied to 
extremely hard or low-machinability work- 
piece materials. Because the mechanism for 
material removal is thermal, workpieces 
that will be used for critical applications 
may require the removal of thermally affect- 
ed zones 
Chemical Methods. High-volume, high- 
production manufacturing is often per- 
formed by chemical nontraditional pro- 
cesses. Although sometimes applied to low- 
quantity or even one-of-a-kind parts 
because of low initial tooling costs, chemi- 
cal machining has gained wide acceptance 
for the economical manufacture of high- 
volume products such as springs, electric 
motor laminations, and television picture 
tube masks. Because material is removed 
by means of chemical action, there are no 
forces acting on the workpiece, This en- 
ables parts to be machined without concern 
for distortion or damage. In addition, be- 
cause the machining action occurs on all 
surfaces of the workpiece simultaneously, 
effective throughput can be extremely high, 
even compared to high production rate pro- 
cesses such as punching and stamping. 
The future of nontraditional machining 
processes will no doubt be characterized by 
steady growth. Although nontraditional 
processes will probably never replace the 
conventional tools currently used by indus- 
try, the newer methods are ensured an 
increasingly important role because of their 
steadily improving capabilities and because 
of the beneficial effects of computer con- 
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trol, adaptive control, and education (Ref 
3). 

Compared to conventional processes, 
nontraditional processes possess almost un- 
limited capabilities, with one exception— 
volumetric material removal rates. Current- 
ly, conventional processes excel in rapid 
bulk material removal rates. However, 
many improvements in nontraditional pro- 
cess removal rates have been made in re- 
cent years, and there is every reason to 
believe that this trend will continue. This 
will enhance the competitiveness of nontra- 
ditional processes and will increase the 
range of applications. 

Most nontraditional machining processes 
are computer controlled with respect to 
process parameters. Computer control sim- 
plifies processes that might otherwise intim- 
idate potential users and, in the long term, 
accelerates acceptance of the process. In 
addition, the computer control of process 
parameters ensures process reliability and 


repeatability, and this further accelerates 
acceptance and implementation. 

Unlike many conventional processes, 
most nontraditional processes can easily be 
adaptively controlled through the use of a 
broad range of in-process inspection sen- 
sors. For example, if a sensor detects that 
the holes being produced in a product are 
decreasing in diameter, the hole size can be 
modified without changing the hard tools by 
simply changing the process parameters or 
the offset values in the computer. In con- 
trast, hard tools such as drills or punch and 
die inserts must be changed when conven- 
tional techniques are used. This ability to 
monitor, respond to, and correct undesir- 
able situations automatically ensures the 
increasing importance of nontraditional pro- 
cesses in unattended machining cells and 
automated factories. 

Every year more attention is directed 
toward nontraditional processes, as evi- 
denced by the increasing number of techni- 


cal papers, conferences, college courses, 
books, and technical symposia on the sub- 
ject. These activities not only educate the 
manufacturing and product design commu- 
nities about the unique capabilities of these 
processes, but also ensure a successful fu- 
ture for nontraditional machining pro- 
cesses. 
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Abrasive Jet Machining 


Glenn E. Storck, S.S. White Industrial Products, Division of Pennwalt Corporation 


ABRASIVE JET MACHINING (AJM) is 
à process that removes material from a work- 
piece through the use of abrasive particles 
entrained in a high-velocity gas stream. The 
AJM process removes material by the im- 
pingement of abrasive particles on the work 
surface. The process differs from convention- 
al sandblasting in that abrasive jet machining 
has smaller-diameter abrasives (from 10 to 50 
ит) and a more finely controlled delivery 
system. Abrasive jet machining is typically 
used to cut, clean, peen, deburr, deflash, or 
etch glass, ceramics, or hard metals. Applica- 
tions include the following: 


* Drilling and cutting small sections of 
glass, ceramics, or hardened metals 

* Etching part numbers onto metal and 
plastic components (Fig. 1) 

* Deburring and deflashing metal and plas- 
tic parts 

* Frosting glass 

* Cutting intricate patterns in hard, brittle 
materials 

* Cleaning oxides from metal surfaces 

* Cleaning metallic smears from ceramics 

* Trimming, beveling, and cleaning elec- 
tronic components 

* Removing smudges and films from docu- 
ments and museum artifacts 


Systom Components 


Figure 2 illustrates the principal compo- 
nents of an AJM system. A gas supply of at 
least 690 to 860 kPa (100 to 125 psi) is 
necessary to pressurize the system to a 
regulated pressure of 520 to 830 kPa (75 to 
120 p The gas supply, which can be 
compressed air, nitrogen, carbon dioxide, 
or a suitable industrial inert gas, must be 
free of foreign particles such as oil and 
water. Therefore, a gas filter and a water 
separator should be used in the gas supply. 

The abrasive powder is held in a hopper 
that feeds into a vibrating chamber, where 
the powder is metered and mixed uniform- 
ly with the gas. The jet stream of abrasive 
particles is then created as the pressurized 
mixture emerges from a hand-held nozzle 
at a velocity of 150 to 300 m/s (500 to 1000 
ft/s), The flow rate of the jet stream is 
controlled by a pneumatic pinch valve, 
which can be controlled by a foot valve for 








Fig. 1 identification of hord plastic embedded voltage regulator using AJM equipment and rubber mask 
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Fig. 2 Components of an abrasive jet machining system 


pulsed operation or a manual valve for 
continuous operation. (Good grounding 
within the system bleeds off the static 
electric charge created by the high-veloc- 
ity stream.) 

A dust hood or collection cabinet used in 
conjunction with a vacuum dust collector is 
needed to limit operator exposure to dust. If 
workpieces with toxic substances are in- 
volved, then dust collection requires special 


disposal considerations in accordance with 
local and federal regulations. 

Nozzle tips for abrasive jet machining are 
normally made of tungsten carbide, al- 
though sapphire nozzles are available. Sap- 
phire nozzles last longer than tungsten car- 
bide nozzles, but are more expensive and 
are only available with round holes, Tung- 
sten carbide nozzles can have either round 
or rectangular holes. Round nozzles are 
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available in diameters from 0.13 to 1.25 mm Process Characteristics 


(0.005 to 0.050 in.). Rectangular nozzles 
range from 0.08 x 0.50 to 0.18 x 3.8 mm 
(0.003 x 0.020 to 0.007 x 0.150 in.). Rec- 
tangular nozzles may reduce stray cutting. 

Nozzle life depends on the type of abrasive 
used and the operating pressure. The service 
life of a tungsten carbide nozzle is about 8 to 
15 h with a silicon carbide abrasive and about 
20 to 35 h with aluminum oxide. With glass 
beads or sodium bicarbonate, nozzle life is 
indefinite. Sapphire nozzles have an average 
service life of 300 h. 


The AJM process is primarily a finishing 
and cleaning operation with low material 
removal rates. The typical material removal 
rate for glass is 16 mm*/min (0.001 in.'/ 
min). Cutting rates for metals vary from 1.6 
to 4.1 mm/min (0.0001 to 0.00025 in.*/min). 
For the harder ceramics, cutting rates are 
about 50% higher than those for glass. 

Advantages and Disadvantages. The 
AJM process has several advantages de- 
spite its low material removal rate. Some 


of the general advantages of the process 
are: 


ө The gas stream dissipates generated heat 
when cutting heat-sensitive materials 

* The small loads transmitted to the work- 
piece allow the cutting of fragile pieces 

е The chipping action of the process is 
effective on hard materials 

* The nozzles can be directed toward 
small, difficult-to-reach areas 


The disadvantages of the AJM process, in 
addition to its low material removal rate, 
are stray cutting, and the possibility of 
abrasive particles becoming embedded in 
the workpiece. Excessive taper on deep 
cuts may also be a disadvantage, although 
the amount of taper can be reduced by 
tilting the nozzle. 

Material Removal. Several factors deter- 
mine the characteristics of the AJM pro- 
cess. The major variables include: 


• Type of material being worked 

* Flow rate of the jet stream 

€ Type and size of abrasive particles 

ө The distance between the workpiece and 
nozzle 


Generally, the material removal rate is high- 
er when the material being removed is hard- 
er or when the abrasive particles are larger 
and have a higher velocity at impact. 

Flow Rates. To obtain high material re- 
moval rates, abrasive flows of 10 to 20 g/min 
(0.4 to 0.7 oz/min) are normally used. For 
fine work, flow rates of 3 to 5 g/min (0.1 to 
0.2 oz/min) have been successfully used. 

There is also an optimum mass flow rate 
for maximizing material removal (Fig. 3). 
Flow rates greater than the optimum de- 
crease the material removal rate. A num- 
ber of variables determine the optimum, 
but for a given system and abrasive pow- 
der, the point is readily determined during 
start-up. 

Abrasive Powders. The application dic- 
tates the size and type of abrasive powder 
used. Aluminum oxide and silicon carbide 
powders are used for heavy cleaning, cutting, 
and deburring. Magnesium carbonate is rec- 
ommended for use in light cleaning and etch- 
ing, while sodium bicarbonate is used for fine 
cleaning and the cutting of soft materials. For 
polishing and fine deflashing, glass beads or 
crushed glass is recommended. 

The abrasive particles are available in 
sizes ranging from 10 to 50 рт. The size of 
the abrasive particle influences material re- 
moval rates (Fig. 4). The larger sizes have 
higher material removal rates and are best 
for cutting and peening. Smaller sizes are 
used for polishing and cleaning. 

Commercial grade powders are not suit- 
able for the AJM process, because their 
sizes are not well classified. Commercial 
powders may contain siiica dust, which can 
be a health hazard. Powders should not be 
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Fig. 5 Effect of nozzle tip distance on material removal rate. Workpiece material: plate glass 


reused, because the contaminated powder 
may clog the nozzle. Used powders should 
be disposed of in accordance with federal, 
state, and local regulations. 

Nozzle tip distance, the distance between 
the nozzle tip and the workpiece, also influ- 
ences the AJM process. The jet stream 
remains cylindrical only for a short distance 
of 1.6 mm (0.062 in.) after exiting the noz- 


zle. At greater distances, the jet stream 
begins to diverge into a cone-shaped pattern 
with an included angle of about 7°. The 
amount of divergence probably depends on 
the pressure of the system. 

The nozzle tip distance is varied accord- 
ing to the application. A nozzle tip distance 
of 5 to 13 mm (%s to / in.) lends itself to 
cleaning and peening, while 13 to 75 mm 
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Table 1 Surface finishes for 
annealed 316 stainless steel with 
different AJM abrasives 











Grit size Surface roughnessia) 
Abrasive type. pm pin, um nin. 
Aluminum oxide ..... 10 400 020050 8-20 
25 1000 0.25-0.53 10-21 
50 2000 0.38-0.96 15-38 
Silicon carbide ...... 20 800 0304050 12-20 
50 2000 0.43-0.86 17-34 
Glass Ьеай.......... 50 2000 0.30-0.96 12-38 


а) Initial surface was ground to 0.47 pm (18.5 pin.). Source 
Metcut Research Associates 





(0.5 to 3 in.) is suitable for light operations. 
For work requiring accuracy and the elimi- 
nation of taper, the nozzle is positioned 
about 0.8 mm (0.032 in.) from the work- 
piece. 

The nozzle tip distance also affects mate- 
rial removal rates. For a given abrasive, 
flow rate, and base material, the most effec- 
tive cutting occurs with a nozzle tip dis- 
tance between 7 and 13 mm (0.27 and 0.50 
in.). Figure 5 illustrates this relationship 
between nozzle tip distance and material 
removal rate. 

Tolerance and Finish. The AJM process 
generates surfaces with a granular, matte 
texture. Surface finishes range from 0.15 to 
1.5 рт (6 to 60 pin.), depending on grit size. 
Table | lists some surface finishes attained 
with the AJM process. Tolerances of the 
AJM process can range from +0.13 to 0.05 
mm (+0.005 to 0.002 in.). 
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ABRASIVE FLOW MACHINING 
(AFM) finishes surfaces and edges by ex- 
truding viscous abrasive media through or 
across the workpiece. Abrasion occurs only 
where the flow of the media is restricted; 
other areas remain unaffected. Abrasive 
flow machining can process many inacces- 
sible passages on a workpiece simultane- 
ously, and it can accommodate several doz- 
en parts in one fixture. Tooling can also be 
designed so that tooling changes can be 
performed in minutes in production applica- 
tions, 

Abrasive flow machining is used to de- 
burr, polish, or radius surfaces and edges. A 
variety of finishing results can be achieved 
by altering the process parameters. The 
process embraces a wide range of applica- 
tions—from critical aerospace and medical 
components to high-production volumes of 
parts. The process can yield production 
rates of up to hundreds, or even thousands, 
of parts per hour. 





The AFM process uses two opposed cyl- 
inders to extrude semisolid abrasive media 
back and forth through the passages formed 
by the workpiece and the tooling (Fig. 1). 
By repeatedly extruding the media from one 
cylinder to the other, an abrasive action is 
produced as the media enter a restrictive 
passage and travel through or across the 
workpiece. The machining action is similar 
to a grinding or lapping operation as the 
abrasive media gently polish the surfaces or 
edges. 

The process is abrasive only in the extru- 
sion area, where the flow is restricted. 
When forced into a restrictive passage, the 
polymer carrier in the media temporarily 
increases in viscosity; this holds the abra- 
sive grains rigidly in place. They abrade the 
passages only when the matrix is in this 
thicker viscous state. The viscosity returns 
to normal when the thickened portion of 
media exits the restrictive passage. 

The viscosity and the flow rate of the 
media affect the uniformity of stock remov- 
al and the edge radius size. If the objective 
of abrasive flow machining involves the 
uniform polishing of walls within the re- 
stricted passages, as in die polishing. for 






Workpiece 
and tooling 





Abrasive media 


(а) 


Uniform flow 
through the + 


passage 

















Fig. 2 Schematic showing uniform flow through the 
g- 2 passage. This removes an even amount of 
stock from the passage walls. 


example, the media chosen should maintain 
a uniform flow rate as it travels through the 
passage (Fig. 2). Low flow rates are best for 
uniform material removal. For deburring or 


extruded through the workpiece and tooling 
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Upper media cylinder 





7... Lower media 
cylinder 


(b) 
Schematic of the AFM process. (a) Abrasive media in the lower cylinder. (b) Abrasive media being 





Increased abrading 
along the edge of 
the passage 


Fig. З S<rematic showing the flow pattern of medio 
B+ J entering a passage, which generates the 
machining action used for deburring ond radiusing. 
When rodiusing or deburring passage corners, a lower 
medio viscosity is used, providing faster flow through the 
center of the passage than olong its periphery. Because 
one process cycle normally consists of flow in both 
directions, both ends of the passage would be abraded. 
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— Top machine plate 


— Top tooling 


— Bottom tooling 


Bottom 
machine plate 





Fig. 4 Joolns for restricting the flow of the media. To process external edges, the port is contained within a 
9. 4 fixture that directs and restricts media flow in the appropriate areas. 





5 Vertical column of AFM abrasive media after 
extrusion 


Fig. 


А Multiple-port workpiece processed by abra- 
Fig. 6 ve flow machining 


radiusing the edges of a passage, the higher 
flow rate of lower viscosity media within 
the passage causes the edges to be abraded 
more than the passage walls (Fig. 3). The 
flow rate depends on the machine settings, 
the formulation of the media, and the work- 
piece and tooling configuration. 


The major elements of an AFM system 
include the machine, the tooling, and the 


Fig. 7 Teeth on the extrusion die shown in Fig. 6. (a) Before AFM. (b) After AFM abrasive media. Each is discussed below. 


{b) 
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Fig. 8 Progressive stages in AFM polishing from a 1.9 uim (75 pin.) finish (left) to a 0.2 jum (8 pin.) finish 


Machines for abrasive flow machining 
are available with extrusion pressures rang- 
ing from 700 to 22 000 kPa (100 to 3200 psi), 
with flow rates up to 380 L/min (100 gal./ 
min). (Typical flow rates range from | to 50 
L/min, or 0.3 to 13 gal./min.) The flow rate 
of the media depends on the extrusion pres- 
sure, the viscosity of the media, and the 
workpiece and tooling configuration. Extru- 
sion pressure and flow volume (the dis- 
placement of each cylinder of media multi- 
plied by the total number of stroke cycles) 
are both preset at the machine. 

Control systems can be added to monitor 
and control additional process parameters, 
such as the temperature, viscosity, wear, 
and flow speed of the media. Abrasive flow 
machining systems designed for production 
applications often include part-cleaning and 
unload/reload stations as well as media 
maintenance and cooling units. Automated 
Systems can process thousands of parts per 
day, with processing times typically ranging 
between | and 3 min for each pallet loaded 
with workpieces. 

Tooling holds the workpiece in position 
and directs the abrasive media to the appro- 
priate areas, Many AFM applications re- 
quire only simple fixturing. Dies, for exam- 
ple, typically need no special tooling, 
because the die passage itself provides the 
restriction for the flow path. 

For external edges or surfaces, tooling is 
used to restrict the flow between the outside 
of the part and the inside of the fixture (Fig. 
4). The tooling restricts flow at areas where 
abrasion is desired. The tooling can also 
block flow from areas that are to remain 
unaffected. 

High-production fixtures are designed to 
facilitate part loading, unloading, and clean- 
ing. Often mounted to indexing tables, these 
fixtures can hold multiple parts for pro- 
cessing in one operation. 

The media consist of a pliable polymer 
carrier and a concentration of abrasive 
grains. The viscosity of the carrier and the 
type, concentration, and size of the abra- 
sive grains can be varied to achieve specific 
results. Higher-viscosity media (Fig. 5) are 





Table 1 AFM medium selector for passageways with a 2:1 


length-to-width ratio 








Media type/viscosity > 
LMV/low- HMV/high- 
LV iow medium MVimedium medium HV/high 
Passage size(a) mm in. mm in. mm in, mm in, mm in. 
Minimum ч 04 Уы 08 wa 16 Ve M Yh 6.4 йи 
Maximum... esse 32 ж 64 4 аз n 25 1 50 2 


(a) Indicated passage sizes are widths or diameters and assume that passage length is two times the width 
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Fig. 9 Comparison of surface improvement and the number of AFM cycles for various die polishing media 
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Fig. ТО Correlation between surface finish and stock removal on an electrical discharge machined surface with 
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nearly solid and are used for uniform pol- 
ishing or for abrading the walls of large 
passages. Lower-viscosity media are gener- 
ally appropriate for radiusing edges and for 
processing small passages. 

The carrier is a mixture of a rubberlike 
polymer and a lubricating fluid. By varying 
the ratio of the polymer and the lubricating 
fluid, the carrier can have viscosities rang- 
ing continuously from very high to very 
low. 

Table 1 lists some general guidelines for 
selection of the viscosity of the media for 





passageways with a length-to-width ratio of 
2:1. If the passage length is substantially 
smaller than two times the passage width, 
higher-viscosity media or lower extrusion 
pressure should be used. Conversely, if the 
passage length is substantially greater than 
two times the passage width, lower-viscos- 
ity media or higher extrusion pressure is 
required. 

The passage size range of a given media 
formulation can also be extended by in- 
creasing the temperature of the media dur- 
ing processing. An increase in temperature 





Fig. V1 Aircraft valve bodies and spools deburred by abrasive flow machining 
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decreases the viscosity of the media, and 
decreased viscosity allows extrusion 
through a smaller passage of a given length. 

The abrasive grains used in abrasive 
flow machining are most commonly made of 
silicon carbide, although boron carbide, alu- 
minum oxide, and diamond can also be 
used. Particle sizes range from 0.005 to 1.5 
mm (0.0002 to 0.060 in.). The better the 
starting finish, the smaller the grit size used 
for processing. The larger abrasives cut at a 
faster rate, while the smaller sizes provide 
finer finishes and accessibility to small 
holes. The depth of cut made by the abra- 
sive grains at the surface depends on the 
sharpness and size of the abrasive grains, 
the extrusion pressure applied, and the stiff- 
ness of the media, 

In the AFM process, the abrasive cutting 
particles break and become dull, and the 
abraded material becomes part of the abra- 
sive media. The effective life of the media 
depends on a number of factors, including 
the initial quantity of media, the abrasive 
size and type, the flow speed, and the part 
configuration. Typically, a machine load of 
media can be used for weeks to process 
thousands of parts before replacement, Air 
or vacuum can be used to remove the media 
from accessed areas. Final traces can be 
extracted in a solvent wash. 





Process Capabilities 


The AFM process is particularly useful in 
the polishing, radiusing, and edge finishing 
of inaccessible internal passages. Surface 
finishes of 0.05 jum (2 uin.) can be obtained, 
and materials from soft aluminum to tough 
ceramics, carbides, and nickel alloys can be 
successfully micromachined with this pro- 
cess. 

Example: Finishing an Aluminum Die. 
The multiple-port aluminum extrusion die 
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(a) 


(b) 


Fig. 12 cannula tubes, for medical applications, finished by abrasive flow machining. (о) Twenty four parts are processed in one fixture. (b) Detail of (a) 


shown in Fig. 6 used AFM for improving a 
finish of 1.9 um (75 pin.) to 0.18 рт (7 ріп.) 
in a 5-min cycle. Figure 7 shows the teeth 
before and after processing. 

Figure 8 shows the progressive polishing 
action of the bearing surface on the extru- 
sion die shown in Fig. 6; the processing time 
between each successive stage is 80 s. Hand 
polishing smears the surfacc peaks, causing 
edge rolling and an inconsistent surface, but 
the AFM process grinds away the high 
spots of the area, yielding a more uniform 
unidirectional surface and unidirectional 
lay. In many cases, this produces a more 
reliable and longer lasting part. 

Surface Finish and Stock Removal. Fig- 
ure 9 compares the number of AFM cycle 
with the resultant surface finish on a pas: 
sage having an area of 160 mm? (0.25 in.*) 
and an original electrical discharge ma- 
chined finish with an average roughness 
(В) of 2 рт (80 pin.) that was processed 
with media formulations of varying abrasive 
grain size and viscosity. Despite the varying 
parameters for the media, the surface im- 
provement after only one cycle with 2 x 10° 
mm? (120 in.?) of medium ranges from 60 to 
75%. 

Figure 10 illustrates the relationship Бе- 
tween surface finish and stock removal. 
Given beginning finishes ranging from 1.3 
to 2 рт (52 to 80 ріп.), surface improve- 
ment ranged from 50 to 70% after just 
0.0075 mm (0.0003 in.) of stock removal. 
Removing 0.0125 mm (0.0005 in.) of mate- 
rial per side resulted in a 70 to 8076 im- 
provement in surface finish; removing 
0.0125 mm (0.0005 in.) of additional stock 
yielded another 5 to 10% improvement. 
Therefore, despite varying viscosities and 
abrasive grit sizes in the medium, a stock 
removal amount of approximately 0.025 
mm (0.001 in.) resulted in an 85 to 90% 
improvement over the starting electrical 
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: Finishing of an accelerometer pendulum by 
Fig. 13 pe finishing of this part with a wall thich 
discharge machining was removed from 180 slots, 0.15 


discharge machined surface finish. The 
uniformity of stock removal typically falls 
within 20% of the stock removed. 


Process Applications 


Abrasive flow machining is a flexible 
method for achieving precise and uniform 


\ ot? \ 
24 25 | 








abrasive flow machining. Variable extrusion pressures permit 
kness of 0.25 mm (0.010 in.). The recast left by electrical 
mm (0.006 in.) wide and 1.5 mm (0.060 in.) long. 


surfaces in a variety of finishing operations. 
The AFM process is used in the deburring, 
radiusing, sizing, and polishing of parts, and 
it can be applied to a wide range of part and 
passage sizes—from gears as small as 1.5 
mm (0.060 in.) in diameter or orifices as 
small as 0.15 mm (0.006 in.) to splined die 
passages 50 mm (2 in.) across or turbine 
disks nearly 1.2 m (4 ft) in diameter. 








Fig. 14 „оре and increased die lite 


Abrasive flow machining was initially de- 
veloped for the critical deburring of aircraft 
valve bodies and spools (Fig. 11). The meth- 
od provides burr-free internal edges that 
routinely pass 20x microscopic inspection, 
and it creates precisely controlled edge ra- 
dii. Other applications include: 


* Deburring, radiusing, and polishing the 
pocket of bearing retainers in a single 
operation 

* Deburring and polishing fuel injector bod- 
ies at a rate of 30 000 parts per day with 
an automated AFM system 

* Finishing cannula tubes for surgical im- 
plantation (Fig. 12) 

* Removing recast layers from fragile 
workpieces (Fig. 13) 

* Deburring fuel nozzles 

* Finishing dies (Fig. 14) for extruding, draw- 
ing, forging, cold heading, and compacting 


Various types of dies made of ceramic, corbide, ond tool steel processed by AFM for improved surface 


* Finishing impellers, integrally bladed ro- 
tor (IBR) (Fig. 15), compressor wheels, 
turbine disks, and gears 
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Milled surfaces of an aircraft engine IBR 
finished by AFM. This 15 to 30 min 
operation improves the surface finish while retaining the 
shape within the profile envelope and generating leading 
ond trailing edge shapes, eliminating hours of hand 
finishing. 


Fig. 15 
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Waterjet/Abrasive Waterjet 


WATERJET MACHINING (WJM), also 
called hydrodynamic machining, uses a 
high-velocity stream of water as a cutting 
tool. This process is limited to the cutting of 
nonmetallic materials when the jet stream 
consists solely of water. However, when 
fine abrasive particles are injected into the 
water stream, the process can be used to cut 
harder and denser materials. Abrasive wa- 
terjet machining has expanded the range of 
fluid jet machining to include the cutting of 
metals, glass, and ceramics. 


Figure | illustrates the major components 
of a WJM system. The major components 
are: 





* Intensifier 

* Accumulator 

* Filters 

© Water transmission lines 
© On/off valve 

* Waterjet nozzles 

е Abrasive waterjet nozzle 
* Waterjet catchers 

* Fluid additives 


The hydraulic unit consists of an electri- 
cally driven, variable-displacement, pres- 
sure-compensated hydraulic pump. Typical 
hydraulic pressures are adjustable to about 
20 MPa (3 ksi). 

The intensifier (Fig. 2) is used to increase 
the water pressure up to 380 MPa (55 ksi). 
The hydraulic pressure is applied to the 
low-pressure cylinder of the intensifier, and 
the water pressure is developed in the high- 
pressure cylinder. The pressure increase is 
determined by the ratio of the working areas 
of the two cylinders. 

The accumulator, or shock attenuator, is 
plumbed in parallel with the high-pressure 
output of the intensifier. The accumulator is 
added to smooth the pressure spikes that 
occur at the reversal of the reciprocating 
stroke of the intensifier. These pressure 
spikes result from the compression of wa- 
ter. With an accumulator, the pressure vari- 








Machining 


C.E. Johnston, Flow Systems, Inc. 


ations from water compression can be re- 
duced to +2.5%. 

Filters protect the nozzle orifice from 
possible damage by foreign material. For 
most applications, the inlet water is me- 
chanically filtered to 0.45 рт. Other pro- 
cessing beyond this point must be deter- 
mined on a site-by-site basis. Figure 3 
shows the condition of the nozzle orifice 
after operation under various water condi- 
tions. 

Water transmission lines consist of flex- 
ible hose, hard tubing, swivels, and flex 
joints. Flexible hose capable of operating at 
380 MPa (55 ksi available and greatly 
simplifies plumbing. If the hosing cannot 
operate at the desired water pressure, then 
hard tubing, swivels, and flex joints must be 
used. The hard tubing used typically 
stainless steel with an inside-to-outside-di- 
ameter ratio of 1:3. Flex joints (tubing in 
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springlike coils) are more reliable than swiv- 
els, but do not have the range of movement 
of swivels. Flex joints can be used for 
rotations of 360* or less. Swivels are used 
for continuous or multiple 360° rotations, or 
to reduce forces exerted on the manipulator 
if coils are used. 

The on/off valve is a two-way, two- 
position, rapid-acting valve used to turn the 
jet stream on or off. The tightness of the 
valve is important in applications that do 
not allow fluid on the workpiece. The re- 
sponse time of the valve is also important. 

Waterjet Nozzles. Figure 4 illustrates the 
basic components of a typical waterjet noz- 
ле. The collimating chamber helps to reduce 
the divergence of the waterjet once it exits the 
orifice. The quality of the orifice edge is also 
crucial in producing a coherent waterjet, Con- 
sequently, the orifice must be protected from 
foreign material in the water. 
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Fig. 1 schematic of o WJM system 
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iod 3 The orifice itself is most often produced 
e xut from man-made sapphire. Orifices as small 

Check c as 0.075 mm (0.003 in.) are available. More 


recently, sapphire orifices are being re- 
placed with diamond orifices. A diamond 
orifice will normally operate ten times as 
long as the sapphire orifice before replace- 
ment, thus reducing the number of shut- 
downs for service. In addition, a diamond 
orifice can be cleaned several times and will 
continue to produce a coherent high-pres- 
sure jet. However, the cost of a diamond 
orifice is seven to ten times that of a sap- 
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“Г, сута] |, Abrasive Waterjet Nozzle. The only dif- 

2 “КЛ; С ferences between an abrasive WJM system 

and a standard WJM system are the addi- 

LOI ~ Check Check 9] tion of an abrasive jet nozzle and an abra- 

valve valve sive feed mechanism. Figure 5 illustrat s а 

[e nozzle for abrasive WJM operations. The 

out abrasive is added to the high- pressure wa- 

terjet in a mixing chamber. When the high- 

Fig. 2 schematic of a WJM intensifier velocity waterjet passes through the mixing 


chamber, the high flow creates an area of 
lower pressure, which draws the abrasive 
from a delivery line. Abrasive flow is con- 
trolled with a metering mechanism. At the 
mixing chamber, the abrasive is randomly 
mixed with the high-pressure waterjet, 
which is then refocused through a second- 
ary nozzle. Orifice sizes of the secondary 
nozzle typically range from 0.75 to 2.5 mm 
(0.030 to 0.100 in.) in diameter. The power 
of the waterjet ranges from 7 to 45 kW (10 to 
60 hp) at the nozzle. The abrasives typically 
used in this process are garnet, olivine sand, 
and in some cases (especially in cleaning 
applications) silica sand. 

Waterjet Catchers. The waterjet (or the 
abrasive waterjet) must be trapped and dis- 
sipated as it exits the material being cut. 
Containers normally referred to as catchers 
are used for this purpose. Catchers also 
reduce the noise associated with the break- 
up of the jet after it passes through the 
target material. Mist or splashback can be a 
problem if proper catcher systems are not 
used. 

Figure 6 shows a waterjet catcher. The 
catcher must be deep enough so that the 
waterjet breaks up before reaching the bot- 


Table 1 Flow rates with a 0.7 


















orifice coefficient 
Water Orifice 
pressure diameter Fow rate 
MPa ksi mm im Lmin р 
3580 55 015 0.06 0.64 017 
0.20 0.008 079 — Q0 
030 0012 26 0.70 
035 004 36 0.95 
275 40............015 00% 057 015 
020 0008 098 026 
030 ой? 22 0.60 
035 004 31 0:81 
200 30. see. 015 0 49 13 
Fig. 3 Orifice ofer testing in four types of water. (a) Deionized water, after 200 h. (b) Water treated by reverse = ж Ci фик an ү 5 
* osmosis, after 200 h. (c) Softened water, after 104 h. (d) Tap water, after 48 h. The operating lives of 030 0012 20 0.52 
the orifices averaged 34 h with tap water, 78 h with softened water, 190 h with water treated by reverse osmosis, and 035 0014 26 020 


200 h ог more with deionized water. 
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Fig. 4 Schematic of a waterjet nozzle assembly 


tom. This normally requires a depth of 300 
to 600 mm (12 to 24 in.), but shorter tanks 
with steel balls or replaceable hard inserts 
at the bottom can be used where space is 





es are sometimes used to 
aid coherency of the waterjet. Long-chain 
polymers are used as additives. However 
less than 1% of the installations worldwide 
use these additives. 


Process Characteristics 


Several variables influence the WJM pro- 
cess, and empirical testing is the best way to 
determine the effects of waterjet-machining 
and abrasive waterjet machining on a given 
workpiece, The important parameters of the 
process are: 








* Pressure, flow, and nozzle diameter 
© Standoff distance 

* Traverse rate 

© Type and size of abrasive (if used) 


Pressure, flow, and nozzle diameter are 
the main parameters in WJM fluid flow. 





Based on Bernoulli's equation for incom- 
pressible fluid flow (Eq 2), the volumetric 
flow rate, Q, in a WJM system is: 


Q = ACD? VODPIp 


where Сү, is the orifice coefficient, D is the 
orifice diameter, P is the fluid pressure, and p. 
is the average fluid density. Figure 7 illus- 
trates the pressure and flow relationships for 
various nozzle diameters with an orifice coef- 
ficient of 1.0. The typical orifice coefficient 
for sapphire or diamond orifices is 0.7. Table 
1 lists typical pressures and flow rates with an 
orifice coefficient of 0.7. The pressure-flow 
values of Table | can be determined by mul- 
tiplying the flow rates given in Fig. 7 by 0.7. 
Figure 7 also provides the necessary pump 
size for a given flow rate and pressure. 
Effects of Cutting. The flow rate and the 
pressure of the waterjet have different cf- 
fects on cutting. The flow rate affects the 
rate of material removal, while the pressure 
affects not only the rate of material removal 
but also the cutting mechanism, which 
shears material away from the workpiece. 
This is apparent because high flow rates at 
low pressure will not cut. However, if the 
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Table 2 Water је? cutting rates (without abrasives) 











pO Thickness = Сеше rate = Nozze diameter 
Material тт in. mmis ints mm in 

Corrugated board T 7 0.28 3300 130 0.25 9.001 
Sand paper (120 grit) м 1 layer 2030 80 013 0005 
Rubber-backed carpet 18 0.71 120 47 0.15 0.006 
Finished leather. m « [i 0.04 1270 50 0.13 0.005 
Asbestos board 18 9.71 1520 60 0.20 0.008 
Insulation board . rescence i 20 1650 65 0.20 0.008 
Rubber tile m 3 0.12 150 6 0.13 0.005 
Urethane. ... Р m 2 0.08 100 4 0.10 0.004 
Glass insulation, ie. 120 420 16.5 015 0.006 
Polycarbonate 2 0.08 20 0.8 0.15 0.006 
Polypropylene .. s 2 0.08 60 24 ою оом 
Polyester....... э» 12 047 600 24 0.15 0.006, 
Polyvinyl chloride m" 0.75 0.03 300 12. 0.10 0.004 
Printed circuit boards (FR-4) .... 1.5 0.06 50 2 оз 0006 
Sheet molding compound ,...... 3 0.12 1000 40 oas 0.006 
Graphite composite... . L6 0.06 10 04 9.15 0.006 
Glass/epoxy laminate 17 0.07 E] 16 020 — 000 
Graphite/epoxy laminate * 3 0.12 30 1.2 0 0.008 
Peanut Баг ....... za 10 039 100 4 013 0.005 
Granola . an > 2 0.47 100 4 0.10 0.004 
Kidney filter, m 100 4.0 100 4 0.30 0.012 
Formica..... m 1 0.04 600 24 0.13 0.005 
Foam board .... were B 20 100 4 913 — 005 


Source: Ref | 
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Fig. 6 Waterjet assembly with waterjet catcher 
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Fig. 7 Pressure versus flow rate with various WJM nozzle sizes 


pressure is increased while the orifice is 
decreased to keep the flow rate constant, 
the amount of cutting will increase. This 
suggests that a relationship exists between 
the pressure and the cutting mechanism. 

The role of waterjet pressure in the WJM 
process can be demonstrated by consider- 
ing Bernoulli's equation for incompressible 
fluid flow: 


(Eq 2) 





where V is the velocity of the waterjet. The 
pressure (P) is proportional to the square of 
the velocity (V5), which is also proportional 
to the kinetic energy (бту?) of a particle 
with mass m. Consequently, the pressure of 
the waterjet determines the average kinetic 





energy of a particle in the waterjet. At 
higher pressures, the average kinetic energy 
of the water molecules is higher and is more 
likely to overcome the molecular binding 
forces of the workniece material. There- 
fore, the waterjet pressure required for cut- 
ling must increase as the strength of the 
workpiece increases. 

If the waterjet pressure is adequate for 
cutting a given material, and is held con- 
stant, the rate of material removal is deter- 
mined by the flow rate. Table 2 lists typical 
waterjet cutting rates for various materials. 
Increases in either the pressure or the ori- 
fice diameter produce a larger flow rate, 
which increases the cutting rate (Fig. 8) or 
the ability to cut thicker workpieces by 
increasing the total energy available at the 
nozzle. Larger pressures also increase the 
energy density of the waterjet. 

Pressure Drop. In most waterjet cutting 
installations, the pressure drop has little 
effect on system operation. However, when 
materials such as printed circuit boards are 
being cut, the pressure drop becomes criti- 
cal because the pressure at the nozzle must 
remain between 360 and 380 MPa (52 and 55 
ksi). Furthermore, in abrasive waterjet ma- 
chining, the nozzles used are generally larg- 
er, and a significant pressure drop can occur 
with higher flow rates. Pressure drops re- 
duce available energy at the nozzle, thus 
reducing cutting efficiency. 

Standoff Distance. The distance between 
the nozzle and the workpiece (the standoff) 
is generally 2.5 to 6.35 mm (0.10 to 0.25 in.). 
Because there is little change in the shape or 
diameter of the jet within 25 mm (1.0 in.), 
the standoff can be increased to 25 mm (1.0 
in.) without significantly affecting m. '^rial 
removal. Standoffs should be increase р 
to about 50 mm, or 2 in.) for mate als 
susceptible to shattering or delamination 
(such as printed circuit boards) or for appli- 
cations requiring a smoother cut. 

Traverse Rate. Thicker and denser mate- 
rials can be cut as the traverse rate decreases. 
Materials that are too thick to be cut in a 
single pass can be cut with multiple passes if 
the first pass can produce a well-defined slot. 

Abrasives, when used, also affect the 
cutting capabilities of the WJM process. 
Tables 3 and 4 list the cutting rates of 
abrasive waterjet machining for various ma- 
terials and operating parameters. 


Advantages and 
Disadvantage: 


The advantages of waterjet and abrasive 
waterjet cutting include the following: 





* Omnidirectional cutting with a zero radi- 
us for outside corners and a radius equal 
to the radius of the jet for inside corners 

* Reduced tooling costs because of the 
minimal force (5 to 130 N, or 1 to 30 Ibf) 
imparted to the workpiece 
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Table 3 Effect of material thickness on abrasive waterjet cutting speed for various metals and a ceramic 



































material 
Abrosive used is garnet. 
1 Parameters - 1 p CL миш cutting rate, mmmn inimi — 5 
- Diameters, mm (in. Abrasive Metals —| Cenmic 
[s Е 5: =a — 1 
Feed rate Nozzle Material and 99.6% 
kemin Mesh pressure thickness aluminum Carbon Той stee! Aluminum 
Orifice Nozzle (бант) size MPa (ksi) тт (in.) ‘allows Brass Mel Copper Alloy 718 Stainless steel Titanium HRC oxide 
23 (0.009) 0.79 (0.031) 0.23 (0,5) 100 310 (45) 0.8 (0.031) 4570 (180). 1270 (50) 1520 (60) 1270 (50) 1520 160) 1140 (45) 2030 (80) 890435) 127 (5) 
1.6 (0.063) 2030 (80) 762 (30) 1270 (50) 1020 (40) 1140 (45) 762 (30) 1820460) 762 (30) 6) (2.4) 
3.2 (0.125) 1270 050) 457 (18) 762(30) 559 (22) 559 (22) 610 (24) 1140 (48) 635 (25) 38 (1,5) 
0.33 (0.013) 1.19 (0.047) 0.68 (1.5) 80 240 (35) 6.4 (0.250) 762 (30) 254010) 508 (20) 308 (12) 305 (12) 483 (16) 782430) 432 (17) 23 (0.9) 
12.7 (0.500) 457 (18) 102 (4) 305 (12) 152 (6) 152 (6) 254 (00) 457 (18) BOUI 1510.6) 
0.46 (0.018) 1.19 (0.047) 0.91 (2.0) 80 240 (35)... 19,0 (0.750) 305 (12) 2541, 203 (8) 75 (3+ 75 (3) 182 (6) 305 (12) 254 (10) 804) 
25.4 (1.00) 203(8.0) 1300.5) 15206 3801.5 WAS — 10204) 152 (6) 191 (7.5) 
0,56 (0.022) 1.87 (0.062) 1.46 (3.2) 60 240(35)... 50.8 0.00) 152060) 80D 7509) 158009 SOY TAW BA 12765) e 
76.2 (3.00) 127 (5.0) 510.2) 50 (2) 8 (0.3) ШЕ 38 (1S) soa) 50 (2) Ё 
102 (4200) 102040) зб) 250) 30N БШ 2500 250) 
Source: Flow Systems, Inc. 
Table 4 Effect of material thickness on abrasive waterjet cutting speed for nonmetallic materials 
Abrasive used is garnet, 
= — Parameters Maximum cutting rate. mmimin (in. min] — — 
[7 Diameters, mm (in) — p Abrasive 1 = —  — — —  Phstics und compostes — — — г - Glass I 
Feed rate. Norsle Material Carbon! Graphite! Aramid 
Кетіп. Mesh pressure thickness carbon Epoxyiglass "epoxy fiber Poly- 
Orifice Nozzle Abimin) size MPa (ksi) mm (in.) Acetal Acrylic composite composite composite composite propylene — Luminate Plate Stained 
0.23 (0.00) 0.79 10.031) 0.23 10.5) 100 310 (45) -. OX (0.031) 3180 (125) 3050 (120) 2540 (100) 6350 (250) 4450 (175) 2540 (100) 2540 (100) 7620 (300) 7620 (300) 





1.6 (0.063) 2290 (90) 2030 (80) 1910 (75) 5720 (225) 3810 (150) 1520 (60) 1910 (75) 6350 (250) 6350 (2501 
3.240.125) 1780 (70) 1400 (55) 1400 (85) 4570 (180) 3180 (125) 1020 (40) 1220 048) 660 (26) 5080 (200) 5080 (200) 
6.4 (0.250) 1270 (50) 915 (36). 1020 040) 2540 (100) 2540 (100) 510 (20) 915 (36) 559 (22) 3810 (150) 3810 (150) 
12,7(0.500) S90 (35) 457 (18) 50% (20) 1020 040) 12704150) 279011) 610 024) 457 (18) 2540 (100) 2540 (100) 
0,33 (0.013) 1.19 (0.047) 0.68 (1,5) RO 240 (35) ..19.0 0.780). 610024) 305 12) 25400 711 028) 63% (25) 15206) 381(15)— 305 (12) 1270 (50) 1270 (50) 
254100) 381 (15) 254410) 1275) $5902). SON Q0) 7S 203 (8) 203 (8) 615 (25) 


0.46 00.018) 1.19 (0.047) 0.91 (200.80. 240 (358) ..50.8 (2.00) 15206) 10204) 2000.8) 105012) 254010) 250.0) 10240 12715) 38118) 
7620400. 6402.5) 251.0) 80D 179 1274) 13 00.5) 5002) 25() 127 (5) ^ 
102 (4.00) 2500 BOD 30D 25009 $00 3401). 38(.5)— 200.8) 5002) E 


Source: Flow Systems, Inc 
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7500 T 300 е No work hardening or thermal effects 
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5 3500 T = Um qe nonmetallic materials are effectively cut 
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2800 Orifice and secondary nozzle diameters 100 chining. which can cut harder and denser 
— 0.18 mm orifice, 048 mm nozzle е 
2000 0.23 mm oritice. 0.79 mm nozzle 80 materials. 
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Fig. 8 Maximum abrasive waterjet cutting speed versus pressure. The workpiece is 1.6 mm (0.63 т) thick 2ге involved. Applications include the fol- 
19. 9 aluminum, lowing: 
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Fig. 9 Circuit board cuts by the tab-cut method (left) and the full-cut method (right) 


© Cutting of printed circuit boards 

* Cutting of board materials 

* Cutting of lightweight fiber-reinforced 
plastics 

* [ntegration into robotic systems 

* Wire stripping 

* Crosscutting 

* Cutting foods 

* Cutting web materials 


The cutting of printed circuit boards 
demonstrates many of the advantages of 
waterjet machining. The process typically 
involves the removal of several individual 
boards from one master board, either by a 





tab-cut method (Fig. 9, left) or a full-cut 
method (Fig. 9, right). These methods have 
been devised primarily to increase the abil- 
ity of circuit board manufacturers to auto- 
mate production. 

Waterjet machining systems provide an 
easily automated process that can cut pop- 
ulated printed circuit boards of various 
sizes and shapes. The small diameter of the 
waterjet enables it to pass adjacent to any 
components mounted near the edge of the 
board. In addition, waterjet machining in- 
troduces little or no longitudinal or lateral 
cutting forces with respect to the jet when 
printed circuit boards are being cut. This 











Fig. 10 Corrugated board cut with circular knives (left) and waterjets (right) 


enables the manufacturer to suspend the 
master board from its perimeter and use a 
small number of interior supports to prevent 
vibration during the cutting process. In this 
application, cutting speeds range from | to 8 
m/min (3 to 26 sfm), with the material char- 
acteristics of the board determining the 
maximum cutting speed. Waterjets mount- 
ed on X-Y tables have contouring speeds of 
25 m/min (82 sfm) and an accuracy of +0.13 
mm (+0.005 in.). 

One concern about using a waterjet for 
cutting circuit boards is the introduction of 
water between the laminates. An extensive 
study performed by an independent testing 
service concluded that waterjets have no 
detrimental effect on printed circuit boards 
(Ref 2). 

Another concern is noise. Catchers have 
been produced that eliminate the objection- 
able noise levels. In some cases, the entire 
machine has been enclosed when an open 
catcher capable of the required noise reduc- 
tion could not be produced. 

Cutting of Board Materials, Waterjets 
apply low forces to board materials (or any 
type of web material) during the cut. This 
can produce a higher-quality edge. Figure 
10 shows the difference in edge quality in 
cutting double-wall corrugated board with 
circular knives and with high-pressure wa- 
terjets. The cutting rate can often be dou- 
bled while maintaining a clean, uncrushed 
edge in the finished product. Waterjets can 
also eliminate shutdown due to jam-ups 
caused by slitting knives. 

Robotics. Waterjet machining can be eas- 
ily integrated into robotic systems. A robot- 
ic application in the automotive industry is 
shown in Fig. 11. A minimal amount of 
tooling is necessary when trimming and 
cutting the lightweight fiber-reinforced plas- 
tic shown. If standard machining processes 
were used (for example, a router), the edge 
would need to be supported very rigidly up 
to the cut line to avoid cracking the part and 
breaking the cutting tool. These problems 
are eliminated with the waterjet because of 
the low forces exerted on the material being 
cut. The cut part is illustrated in Fig. 12. 

Wire Stripping. The ability of the water- 
jet to cut insulating materials but not metals 
makes it useful in wire stripping. The wa- 
terjet cuts extremely fast, and there is less 
scrap due to wire damage. With waterjet 
machining, the 40 man-hours necessary for 
stripping a certain lot of wires is reduced to 
8 man-hours. The waterjet will also cut the 
wire insulation without marring the tinning 
on the copper wire. 

The crosscutting of continuous-web mate- 
rial that cannot be stopped during the cutting 
procedure is easily accomplished with a wa- 
terjet. Two types of crosscutting systems are 
currently used. The first process, often re- 
ferred to in traditional mechanical cutting 
systems as flying cutoff, involves a waterjet 
nozzle support mechanism that is clamped to 
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Fig. 11 Woterjet system used with robotic instrumentation 


a material being moved on a conveyor. While 
clamped and moving with the material, the jet 
is driven across the web. After crossing the 
web, the mechanism releases its clamp on the 
material and returns to its rest position. The 
mechanism remains at the rest position until it 
receives the signal to clamp the moving ma- 
terial and make another cut. A typical flying 
erosscutter mechanism is shown in Fig. 13. 
The second type of crosscutting mecha- 
nism isa slant-bar crosscutter. In this mech- 
anism, the path of the waterjet is not per- 
pendicular to the movement of the web; it is 
set at an angle, or slant (Fig. 14). This 
slanted motion of the waterjet compensates 





Flying crosscut 


for the motion of the web material and 
results in a perpendicular cut. The systems 
currently in operation monitor the wcb 
speed and vary the crosscutting speed to 
yield a perpendicular cut. Both types of 
crosscutters greatly reduce the material 
jam-ups and breaks that occur when using 
mechanical knives, shears, and saws. 
Cutting of Foods. Conventional mechan- 
ical cutting methods tend to crack or break 
the food being cut. The low forces applicd 
to the material by a waterjet can reduce 
breakage from 40 to 60% to less than 2%. 
Cutting of Web Material. Baby diaper 
manufacturers are currently the largest 
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Fig. 13 schematic of a waterjet used os a flying crosscutter 
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Fig. 12 cutouts performed with waterjets 


users of waterjet systems as a means for 
the contour-cutting of web material. A 
continuously moving web is fed into the 
system at high speeds. The waterjet nozzle 
moves laterally in and out of the web area, 
cutting the desired shape in the web, The 
waterjet nozzle is normally controlled with 
a cam linkage. which is driven by the 
conveyor. 


Nozzle carriage. 


90° to web path 


Web material 
flow 
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cut 
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Fig. 14 Relative motion in slant-bar crosscutting. У, must equal V, 
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(b) 


Fig. 15 Abrasive waterjet machining of on Inconel disk (a) to produce turbine wheel blades (b) 


Abrasive Waterjet 
Applications 


Abrasive waterjet cutting not only pos- 
sesses the versatility of waterjet cutting but 
also extends the applications to harder and 
denser workpieces. The addition of abra- 
sives allows the cutting of metals, glass, and 
ceramics. 

Cutting of Tool Steel. Abrasive waterjet 
cutting compared favorably with traditional 
machining and electrical discharge machin- 
ing in the production of a 100 mm (4 in.) 
diam hole in a 50 mm (2 in.) thick tool steel. 
Both electrical discharge machining and 
abrasive waterjet machining could process 
this particular material in a heat-treated 
state. Both methods also produced a useful 
slug of material as a by-product. 

Cutting of Inconel. A 760 mm (30 in.) 
diam turbine wheel was machined with an 


abrasive waterjet from a solid, 45 mm (1.75 
in.) thick disk of Inconel (Fig. 15). The 
objective was to remove the material from 
between the turbine blades. Final shaping 
was performed by electrochemical machin- 
ing. The average cutting time was 48 h. 
Fatigue test coupons made of titanium, 
Cres 321, and Inconel were cut at a rate of 250 
mm/min (10 in./min). Size tolerance for the lot 
of 45 pieces was +0.025 mm (+0.001 in.). 
Carbon fiber, because of its strength and 
high abrasive content, is extremely diffi- 
cult to cut with traditional machine tools. 
However, with the abrasive waterjet, the 
cut is consistent throughout the operation. 
Abrasive waterjet machining also elimi- 
nates the sanding, filing, and other opera- 
tions that follow the traditional machining 
of this type of material. In one application, 
the abrasive WJM process significantly 
reduced tooling costs in the machining of 








irregularly shaped wing ribs made of car- 
bon fiber. 
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Ultrasonic Machining 


William R. Tyrrell, Branson Ultrasonics Corporation 


ULTRASONIC MACHINING (USM) is 
a process that utilizes the ultrasonic (~20 
kHz) vibration of a tool in the machining of 
hard, brittle, nonmetallic materials. The 
USM process consists of two methods: 


е Ultrasonic impact grinding: Involves an 
abrasive slurry and the ultrasonic vibra- 
tion of a nonrotating tool 

e Rotary ultrasonic machining: Involves 
the ultrasonic vibration of a rotating dia- 
mond core drill or milling tool 


In ultrasonic impact grinding, an abrasive 
slurry flows through a gap between the 
workpiece and the vibrating tool (Fig. 1). 
Material removal occurs when the abrasive 
particles, suspended in the slurry, are 
struck on the downstroke of the vibrating 
tool. The velocity imparted to the abrasive 
particles causes microchipping and erosion 
as the particles impinge on the workpiece. 
The amplitude of vibration in ultrasonic 
impact grinding varies from 0.025 to 0.09 
mm (0.001 to 0.0035 in.). The process forms 
a cavity in the shape of the tool. 

Rotary ultrasonic machining is similar to 
the conventional drilling of glass and ceram- 
ic with diamond core drills, except that the 
rotating core drill is vibrated at an ultrasonic 
frequency of 20 kHz. Rotary ultrasonic ma- 
chining does not involve the flow of an abra- 
sive slurry through a gap between the work- 
piece and the tool. Instead, the tool contacts 
and cuts the workpiece, and a liquid coolant, 
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usually water, is forced through the bore of 
the tube to cool and flush away the removed 
material. The amplitude of vibration in rotary 
ultrasonic machining is usually about 0.025 to 
0.05 mm (0.001 to 0.002 in.), and the longitu- 
dinal extension and contraction of the drill tip 
improves drilling performance by: 


* Reducing the friction between the tool 
and the material at the point of cutting 
© Eliminating seizure of the core piece by 
allowing greater coolant flow in the bore 
of the tool 

© Preventing the diamond tool from loading 
with removed material 

* Increasing drilling speed with less pres- 
sure on the tool and reduced tool wear 


Equipment 

Rotary ultrasonic machining and ultra- 
sonic impact grinding both use similar ultra- 
sonic components (Fig. 2). The major com- 
ponents include: 


е A power supply to provide electrical out- 
put at an ultrasonic frequency of 20 kHz. 
А 450-W power supply is used for rotary 
machining. Impact machining will use 
power supplies from 150 to 2500 W as 
tools with large surface areas require 
higher power than those with small sur- 
face areas 

A converter to change the electrical en- 
ergy into mechanical vibrations. Two 
types of converters are available for 
USM systems. One type uses a magneto- 
strictive device, and the other a quartz or 
a lead zirconate titanate piezoelectric 
transducer 

A horn to focus the vibratory energy on 
the tool. Horns as large as 130 mm (5 in.) 
in diameter have been used, and the horn 
is very accurately machined to be axially 
resonant at 20 kHz in order to develop 
the maximum amplitude of vibration at 
the tool 

A booster can be used between the con- 
verter and the horn to increase the ampli- 
tude of the ultrasonic vibration; boosters 
are available with different amplitude 
gain factors 





A rotary ultrasonic machine is similar to 
а standard milling-drilling machine with an 


ultrasonic spindle mounted above an X-Y 
table (Fig. 3). The power supply, rotary 
machining head, and cutting tool constitute 
the basic system, and this system can be 
used on a conventional milling machine or 
can be attached to special machinery. If 
required, the rotary ultrasonic spindle can 
be used remotely on special or automatic 
equipment. 

The ultrasonic spindle consists of a mo- 
tor-driven bearing-mounted spindle with an 
ultrasonic converter (Fig. 4). The machine 
also has a pneumatic system for raising and 
lowering the spindle and a motor speed 
control with associated meters and indica- 
tors. The heart of the spindle is two lead 
zirconate titanate piezoelectric disks, which 
convert the electrical energy from the pow- 
er supply into a mechanical vibration. 
These disks expand and contract in sympa- 
thy with the polarity of the voltage applied 
to them and are attached to a titanium alloy 
horn. In practice, the assembly is tuned to a 
frequency slightly higher than 20 kHz to 
enable it to accommodate the diamond tool 
attached to the tip. 

Standard diamond core drills and man- 
drels are used, but to achieve the desired 
acoustic coupling, they are brazed to a 
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Fig. З Rotary ultrasonic machine tool 


threaded adaptor that screws firmly into the 
end of the spindle. Mechanical coupling 
devices such as chucks and collets are 
acoustically inefficient and limit energy 
transfer. Because the horn and tool assem- 
bly must be resonant at 20 KHz to operate 
effectively, the size of the tools that can be 
used is limited. The maximum diameter is 
about 38 to 50 mm (1.5 to 2 in.), depending 
on wall thickness and length. Grinding and 
thread-cutting wheels up to 32 mm (1% іп.) 
in diameter have also been successfully 
used. Typical core drills and wheels are 
shown in Fig. 5. 

A water jacket is positioned at the bottom 
of the spindle and immediately above the 





tool. Water from a recirculating pump sys- 
tem or the main water supply is fed through 
the water jacket, into the center of the 
rotating spindle, and down through the bore 
of the core drill. When solid tools are used, 
water is applied directly at the drill/material 
interface. 

Ultrasonic impact grinding machines 
are available in sizes that vary from a floor- 
standing machine for large parts to more 
compact units for light-duty, small-part ap- 
plications (Fig. 6). The machine also in- 
cludes a recirculating pump system for the 
abrasive slurry and vertical-axis feed rate 
controls. More sophisticated machines in- 
corporate such features as: 
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* A programmable controller for the X-Y 
table 

* Automatic compensation for tool wear to 
ensure repeatable depth of cut 

* Complete computer numerical control 
(CNC) of all axes, and camera vision 
(Fig. 7) 

® An ultrasonic frequency display to indi- 
cate any deviation from 20 kHz due to 
excessive tool wear or breakage 

* Automatic control of the complete ma- 
chining cycle 


The cutting tool, custom shaped to the 
hole or cavity required, is most commonly 
made of type 304 stainless steel for durabil- 
ity. For low-volume production, brass can 
be used. Brass is easier to shape than stain- 
less steel, but is less wear resistant. Tools 
are attached to the horn by one of two 
methods. If the tool is small, it can be 
machined from, or soldered to, a round 
threaded tip, which will be screwed into the 
end of the horn. Larger tools are silver 
soldered directly to the face of the horn. 
Ultrasonic impact grinding tools cost less 
than an equivalent diamond drill and can be 
purchased from suppliers of such machines 
or can be made by the user (given some 
understanding of the weight limitations and 
the attachment methods). Figure 8 shows 
selection of cutting tools. 

Horns that accept threaded tool tips are 
usually made of titanium. Larger horns are 
made of aluminum. Both aluminum and 
titanium have high tensile strength. 

Abrasive Slurry. Three types of abrasives 
are commonly used in the slurry: aluminum 
oxide, silicon carbide, and boron carbide. 
They are available in the following grit sizes: 











Grit size— 





Number р “. 
240 mm 0.002 
320 xeacerninscenn Й 0.0015 
400... ..0.03 0.0012 
600 хакка ОЮМ. 0.00057 
BOD ist incom 0.009 0.00035 





The abrasive and the grit size used will 
relate to the application; the larger the grit 
size, the faster the cutting but the coarser 
the surface finish. Small grit sizes cut slow- 
er but produce a better surface finish. A 
surface finish of 0.38 to 0.25 jum (15 to 10. 
uin.) can be expected from a 240-grit and an 
800-grit abrasive, respectively, but such 
factors as the surface of the tool, tool am- 
plitude, and the material being machined 
also affect surface finish. The abrasive ma- 
terial used should be harder than the work- 
piece. Aluminum oxide, for example, would 
be suitable for glass and the more brittle 
materials, while harder materials, such as 
sapphire, will require boron carbide, the 
hardest of the abrasive materials. 

The slurry consists of 50 vol% abrasive 
particles and 50 vol% water. The slurry is 
pumped through a nozzle close to the tool/ 
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Fig. 4 Rotary ultrasonic spindle 





Fig. 5 Diamond tools used in rotary ultrasonic machining 


workpiece interface (Fig. 9) at a rate of 
about 25 L/min (7 gal./min). In addition to 
its cutting action, the slurry provides cool- 
ing for the tool and the workpiece. The 
slurry will eventually become less effective 
as the particles wear and break down. Ex- 
pected life is between 150 and 200 h of 
ultrasonic exposure. 


Rotary 
Ultrasonic Machining 


Rotary ultrasonic machining is applied 
only to nonmetallic material, such as glass, 
alumina, ceramic, ferrite, quartz, zirconium 
oxide, ruby, sapphire, beryllium oxide, and 
some composite materials. Softer ductile 
materials clog the diamond tool to the point 
at which it will cease cutting. 

The advantages of rotary ultrasonic ma- 
chining are faster material removal, lower 
tool pressure for delicate parts, improved 
deep-hole drilling, less breakout on through 
holes, and no core seizing when core drill- 
ing. Drilled, milled, and threaded parts are 
shown in Fig. 10. 

Drilling is the primary application of the 
ultrasonic rotary machine because it drills 








faster than a conventional drilling machine 
for a given tool pressure and revolution 
rate. For example, with a 120-grit, 13 mm 
(0.5 in.) diam core drill rotating at 3000 rev/ 
min with a constant pressure of 83 kPa (12 
psi), an ultrasonic unit will drill through 13 
mm (Y^ in.) thick aluminum oxide (99.5%) in 
an average time of 27 s. In the same drilling 
operation under identical conditions with- 
out ultrasonics, the drill reached a depth of 
6 mm (И in.) in 80 s and then stopped 
cutting. When the ultrasonics were activat- 
ed, the tool again began to cut, and it 
rapidly reached the previous ultrasonic cut- 
ting rate. The accelerated cutting of ultra- 
sonic-aided drilling is greater at low tool 
pressures than at high tool pressures. 

Rotary ultrasonic machining also allows 
drilling at lower pressures; this is particu- 
larly advantageous when drilling or machin- 
ing delicate components. Low tool pressure 
enables the drilling of holes without break- 
age and, if required, with only a few hun- 
dredths of a millimeter of separation. Holes 
can also be drilled close to an edge or corner 
without breakage. 

The use of ultrasonics reduces the problem 
of edge cracking at the point of breakout 








Ultrasonic impact grinding machine. Courte- 
sy of Sonic Mill 


Fig. 6 


when drilling through holes in brittle materi- 
als. The lighter pressure on the tool enables 
the cutting action to be maintained to a great- 
er depth before the pushout occurs. Rigid 
clamping or backing of the workpiece will 
further minimize or climinate breakout. 

The drilling of straight small-diameter deep 
holes with conventional drilling methods can 
be difficult when excessive pressure causes 
the drill to wander from its vertical path. An 
ultrasonically vibrated drill can significantly 
improve the degree of accuracy for such an 
operation. For example, two 1.0 mm (0.040 
in.) diam holes can be drilled into glass 65 mm 
(2% in.) deep, with the holes separated by 
only 0.5 mm (0.020 in.). Another example of 
the deep-hole drilling capabilities of the rotary 
ultrasonic technique was the drilling of a 1.0 
mm (0.040 in.) diam hole through a 90 mm 
(3% in.) length of beryllium oxide. Upon 
completion of the drilling operation, a 0.43 
mm (0.017 in.) diam core piece measuring 90 
mm (34 in.) in length was extracted from the 
bore of the hole. 

Rotary ultrasonic machining also allows 
the uninterrupted drilling of small-diameter 
holes, while drilling without ultrasonics often 
necessitates frequent retraction of the tool to 
flush away debris and to loosen the core, 
which may jam in the bore of the tool. This 
frequent retraction increases drilling time. 

Another application involved the drilling 
of four 2.4 mm (0.095 in.) diam holes 
through the sides of a 190 mm (7/2 in.) 
square block of quartz. Accurate intersec- 
tion of the holes at a depth of 165 mm (6/2 
in.) was required and was achieved within 
0.1 mm (0.005 in.). In tests with a 3.2 mm 








Fig. 7 Ultrasonic impact grinding machine with computer numerical control and camera vision. Courtesy of Bullen 


‘Ultrasonics. 





Fig. 8 Ultrasonic impact grinding tools. Courtesy of Sonic Mill 


(Ж in.) diam core drill through a 115 mm 
(4% in.) square block of similar material, a 
misalignment of only 0.02 mm (0.0008 in.) 
resulted at a depth of 90 mm (3^ i 

Milling. When ultrasonics are applied to a 
diamond mandrel or a wheel for milling, the 
operation benefits in the same way as when 
drilling. The pressure required for cutting is 
much less, progress through the material is 
more rapid, and the operation becomes 
smoother. When end milling, it is possible 
to mill parallel grooves and to maintain a 
dividing wall as thin as 0.75 mm (0.030 in.). 

Surface grinding can be accomplished 
with small-diameter (32 mm, ог 1*4 in.) 








diamond-plated wheels when the bottom of 
the tool is the cutting surface. The same tool 
can be used for slotting when the edge of 
the diamond wheel would be the cutting 
surface. Because of the stresses induced in 
the material by ultrasonic vibration, wheels 
thinner than 2.0 mm (0.080 in.) are im- 
practical. As a result, the rotary ultrason- 
ic machine cannot be used for slicing op- 
erations. 


Ultrasonic Impact Grinding 


The capabilities of ultrasonic impact 
grinding are different from those of rotary 
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А Abrasive slurry being flowed beneath the 
Fig. 9 ош. Courtesy of Sonic Mill 


ultrasonic machining. Because the cutting 
tool has no rotary motion, ultrasonic im- 
pact grinding can cut irregular shapes (Fig. 
11) or drill multiple small holes. Although 
single holes can be drilled faster with ro- 
tary ultrasonic machining, ultrasonic im- 
pact grinding can drill smaller holes (as 
small as 0.1 mm, or 0.005 in., in diameter). 
Ultrasonic impact grinding can also drill 
multiple close-pitch, small-diameter holes. 
A tool for such an application is shown in 
Fig. 12. 

Machining Characteristics. Cutting is 
accomplished by very small abrasive par- 
ticles suspended in the liquid medium that 
flows between the vibrating tool and the 
workpiece. The rate of cutting depends on 
the amplitude of the vibratory motion of 
the tool. The amplitude for a given horn is 
determined by the booster selected and by 
an adjustable control on the ultrasonic 
power supply. It will vary from 0.025 to 
0.09 mm (0.001 to 0.0035 in.) for most 
applications. Optimum results are ob- 
tained when the amplitude exceeds the grit 
size. 

In operation, the tool does not contact the 
workpiece, but is held 0.025 to 0.075 mm 
(0.001 to 0.003 in.) above the surface. The 
feed rate (z-axis down speed) is related to 
the rate of cutting and may vary from 0.0025 
to 0.1 mm/s (0.0001 to 0.005 in./s). Some 
approximate penetration rates with materi- 
als that can be machined by ultrasonic im- 
pact grinding are as follows: 








Penetration rate — 
mm/min in./min 


зж 0.150 








Ferrite. 3.2 0.125 
Carbon-graphite ... 2.0 0.080 
Ceramic .. 1.5 0.060 
Ce 17 0.065 
Tungsten carbide. 025 0.010 
Boron carbide. 0.20 0.008 
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Fig. 11 Decorative objects machined by ultrasonic impact grinding. Courtesy of Sonic Mill 





i Multiple-pin tool and horn. Courtesy of 
Fig. 12 sonic mil 


Other machinable materials include alumi- 
na, granite, ruby, sapphire, silicon, laminat- 
ed fiber composites, and some plastics. 

The cutting or penetration rate will vary 
according to the size and depth of the 
cavity. Smaller holes require more time, 
and the rate of cut declines with depth of 
penetration because of the difficulty in 
maintaining a continuous supply of new 
slurry at the tool face. 

Precision will also decline with hole depth. 
As slurry flows down the side of the tool to its 
cutting face, some cutting will also occur on 
the sides of the bore, resulting in tapering 
with an increase in diameter at the point of 
entry. A depth-to-diameter ratio of 2.5 is 
considered the workable limit. Tapering can 
be minimized with a two-stage operation. In 
this technique, an undersize tool is used for 
the first cut, and the final cut is made with the 
required-size tool. Because it has less materi- 
al to remove, the required-size tool will cut 
faster, thus minimizing the tapering. 


Electrochemical Machining 


Revised by Terry L. Lievestro, Lehr Precision, Inc. 


ELECTROCHEMICAL MACHINING 
(ECM) is the controlled removal of metal by 
anodic dissolution in an electrolytic cell in 
which the workpiece is the anode and the 
tool is the cathode. The electrolyte is 
pumped through the cutting gap between 
the tool and the workpiece, while direct 
current is passed through the cell at a low 
voltage, to dissolve metal from the work- 
piece. 

Electrochemical machining can be used 
for a variety of tasks, including some that 
would be difficult, impossible, or time con- 
suming by mechanical machining. The tasks 
include machining hard materials (such as 
hardened steel and heat-resistant alloys) 
and oddly shaped, small, deep holes. Elec- 
trochemical machining is used for opera- 
tions as widely different as milling, drilling, 
deburring, etching, and marking. 

Although electrochemical machining is 
sometimes applicable to small-lot produc- 
tion, the process is best suited to larger-lot 
production applications because of high 
Tooling and setup costs and high capitol 
equipment costs. A 15 000 A machine tool 
for removing metal at about 25 x 10? тт?/ 
min (1.5 in.'/min) may cost $400 000 to 
$700 000 (not including the cost of periph- 
eral equipment and facilities). The most 
frequent application of the ECM proce: 
in the production of gas turbine engine parts 
and for other aerospace applications. Elec- 
trochemical machining is also used selec- 
tively in automotive and general manufac- 
turing applications. 








System Description 


Figure 1 shows a typical setup for elec- 
trochemical machining. The electric current 
varies from 50 to 20 000 A with a current 
density of 0.2 to 3 A/mm? (100 to 2000 A/ 
in.) and 30 Vdc applied across a gap of 
0.025 to 1.3 mm (0.001 to 0.050 in.) between 
the tool (cathode) and the workpiece 
(anode). The electrolyte flows through this 
cutting gap at a velocity of 30 to 60 m/s (100 
to 200 ft/s), forced by a pressure of 70 to 
2800 kPa (10 to 400 psi). Typical tempera- 
ture of the electrolyte varies from 24 to 65 
°C (75 to 150 °F). Suspended solids are 
removed by settling, centrifuging, or filter- 


ing (or a combination of these), and the 
clarified electrolyte is circulated for reuse. 
Electrolytes are usually aqueous solu- 
tions of inorganic salts such as sodium 
chloride, potassium chloride, sodium ni- 
trate, or sodium chlorate. They may also 
contain proprietary additives. Other elec- 
trolytes, such as strong acids or sodium 
hydroxide solutions, can be used for special 
ECM applications or for select metals. 
The tool can be fed into the workpiece at 
the rate of 0.25 to 20 mm/min (0.010 to 0.750 
in./min). In some applications, machining 
continues while the tool is held stationary 
for a specified dwell'interval after comple- 
tion of the feed travel. The tool can be made 
of brass, bronze, copper, stainless steel, 
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Monel, titanium, a sintered copper-tungsten 
alloy, or aluminum. The workpiece must be 
electrically conductive. 

Equipment. The ECM machine must be 
rigid enough to withstand the forces caused 
by the high pressures of the electrolyte, 
which tend to separate the tooling from the 
workpiece. These forces are caused by the 
hydraulic pressure of the electrolyte as it 
flows through the gap between the tool and 
the workpiece. The electrolyte system in- 
cludes pumps, filters, tanks, and a heat 
exchanger. 

A single-axis machine is the most com- 
mon configuration, although five-axis ma- 
chines are in use. The simpler machines 
have manual voltage and feed rate controls, 
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Fig. 1 schematic of the ECM system 
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while more advanced machines have com- 
puter numerical control (CNC) of the ma- 
chine axes and process parameters. Most 
machines control feed rate and voltage. 

Power supplies are cquipped with devices 
for monitoring amperage, which is a product 
of feed rate and voltage. By monitoring 
changes in amperage, a problem can be 
detected as or before a short circ 
between the cathode and the workpiece. If a 
short circuit is detected, the power supply 
cuts the power to the cathode and dissipates 
the power built up in the transformers into 
another device. This action minimizes dam- 
age to the workpiece and cathode. 








The rate of material removal in electro- 
chemical machining is governed by Fara- 
day's law and is a function of current den- 
sity. The primary variables that affect the 
current density and the material removal 
rate are: 


* Voltagc 

* Feed rate 

© Electrolyte conductivity 
@ Electrolyte composition 
* Electrolyte flow 

* Workpiece material 


The voltage across the cutting gap influ- 
ences the current and the material removal 
rate and is controlled in most ECM opera- 
tions. However, for a constant voltage, the 
current also depends on the electrical resis- 
tance of the cutting gap. Resistance is much 
more difficult to control because it depends 
on the conductivity of the electrolyte and 
the distance across the gap. 

The feed rate, or penetration rate, is also 
controlled in most ECM operations. At а 
constant voltage, both the frontal gap and 
side gap (Fig. 1) are inversely proportional 
to the feed rate; the effect on the side gap is 
about 60% of that on the frontal gap. The 
distance across the frontal gap is a function 
of feed rate because, as the cathode is fed 
into the workpiece at a higher rate, the gap 
closes, causing resistance to drop. As resis 
tance drops, amperage increases; therefore, 
machining rate also increases until an equi- 
librium is reached. At slower feed rates, the 
material removal rate decreases as the gap 
increases because the cathode is not keep- 
ing up with the workpiece surface. As the 
gap increases, the resistance rises and am- 
perage drops. Side gap is also a function of 
feed rate. Frontal gaps are usually between 
0.1 to 0.8 mm (0.005 to 0.030 in.), and side 

aps are about 0.5 to 1.3 mm (0.020 to 0.050 
in.). 

The feed rate also varies directly with the 
current. For example, a hole machined at 
2.5 mm/min (0.100 in./min) at 10 V and 1000 
A would require 2000 A if the feed were 
increased to 5.0 mm/min (0.200 in./min). 
This would also require a potential of about 
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20 V and would increase power consump- 
tion (V - Г) from 10 to 40 kW. 

The feed rate also depends on the appli- 
cation. Typical feed rates for different ECM 
operations on Inconel 718 are: 





1 












Operation. in./min. 
Round holes (blind). 22 0.085 
Simple cavities 2 0.085 
19 x 10 mm? (3 Е 3 0.050 
Broaching (angled ECM) . . 6 0.300 





Accurate estimates of feed rates usually 
require pilot testing in the desired ECM 
configuration. 

Electrolyte conductivity will also affect 
resistance across the cutting gap. Increasing 
the concentration of an electrolyte will 
cause conductivity to rise, which causes a 
decrease in resistance. Temperature in- 
creases of the electrolyte also increase con- 
ductivity. Therefore, electrolyte concentra- 
tion and temperature must be controlled. 

Electrolyte composition directly influ- 
ences conductivity, material removal rates, 
and surface characteristics. The parameters 
used for a given application may not yield 
the same ECM results if a different type of 
electrolyte is used. The normal develop- 
ment of an operation usually begins with the 
selection of the correct electrolyte. The 
other parameters and the cathode are then 
adjusted to obtain the desired result. 

Electrolyte flow rate is also a factor in 
ECM process control. The temperature in- 












crease of the electrolyte passing through the 
gap is dependent on the flow rate. In addi- 
tion, the rate at which hydrogen bubbles are 
carried away is thought to influence con- 
ductivity. Pressure control is the method of 
controlling flow rate (especially when a 
centrifugal pump is used). The flow rate 
also affects the level of turbulence of the 
electrolyte as it passes through the gap, and 
this influences the surface finish. The flow 
rate must also be great enough to remove 
machining by-products (sludge). 

The workpiece material also affects the 
material removal rates and the current den- 
sity. Theoretical removal rates for various 
metals are listed in Table 1, These removal 
rates are derived from Faraday's law, which 
is described in the article “Electrochemical 
Grinding" in this Volume. 


Electrolyte 


The electrolyte has three main functions 
in electrochemical machining. It carries the 
current between the tool and the workpiece, 
it removes the products of the reaction from 
the cutting region, and it removes the heat 
produced in the operation. 

Electrolytes must have high electrical 
conductivity, low toxicity and corrosivity, 
chemical and electrochemical stability, and 
a controllable passivating effect. The work- 
piece should dissolve at a consistent va- 
lence. The electrolytes perform better when 
the crystal structure of the workpiece is fine 
grained and when its constituents have a 





Table 1 Theoretical removal rates in electrochemical machining 





Removal rate (1000 A current, 100% efficiency(a)) 



































posee Sp Mae Volume 1 
Metal Valence. iem Ibin? kgh ъъ тт? x 10min юлт 
Aluminum... 3 27 0.098 034 0.74 21 0.13 
Beryllium .. 2 19 0.067 0.17 0.31 15 0.09 
(рй, vert кэз 1 90 0324 23 522 44 027 
2 9.0 0.324 1.18 261 24 0.13 
коп... 2 79 0284 1.04 2.30 23 0.14 
3 79 0284 0.69 153 15 009 
Magnesium 2 17 0.063 045 1.00 44 027 
Molybdenum . a 10.2 0.369 119 2.63 2.0 0.12 
4 10.2 0.369 0.89 1.97 1.5 0.09 
6 102 0.60 132 10 006 
®юнске!.............,. = 3 8.9 1.09 241 21 0.13 
3 89 073 1.61 13 0.08 
Niobium .......- „8 86 1.16 255 23 0.14 
4 86 0.87 192 1.6 0.10 
5 8.6 0.69 1.53 1.3 0.08 
Tantalum: - 16.6 1.35 2.98 13 0.08 
Titanium . 3 45 0.59 13] zi 0.13 
4 45 oas 099 16 0.10 
Tungsten. 6 193 114 2.52 10 0,06 
8 19.3 0.86 1.89 08 0.05 
Commercial alloys 
4340 .. 2.18 0.133 
17-4 PH 2.02 0.123 
A-286. 1.92 0.117 
M252. 1.80 0.110 
René 41 Lm 0.108 
U-5o0 1.80 0.110 
U-70. 177 9.108 
L-605 175 0.107 





ta) Itis aot always possible. 


predict the valence at which some metals will dissolve nor how much current will flow through the gap. 


‘Also, practical factors, such as the shape of the electrode, can limit current flow. 














Table 2 Electrolytes for the electrochemical machining of various metals 


























П ватане | Removal rate, 
Concentration (max), mn? x 107; 

Work metal Major constituent kg/L (b'gal.) of H;O (іо. min) per 1000 A 
Steel; iron-, nickel-, and cobalt-base alloys - NaCl or KCI 1.30 (2%) 2100.13) 

NaNO, 0.60 (5) 240.0) 
Steel: hardened tool steel NaClO, 0.78 (64) 2.00.12) 
Gray iron - NaCl 0.30 (24) 2.0 (0.12 kay) 

NaNO, 0.60 (5) 2.0 (0.12Kanb) 
White cast iron NaNO, 0.60 (5) 1.6 (0.10ис) 
Aluminum and aluminum allovsd).. .....- NaNO, 0.60 (5) 2.10.13) 

NaCl or KCI 0.30 24) 2.10.13) 
Titanium alloys . NaCl or KCltey 9.12 (0 1.6 (0.10) 
Tungsten .. Маон 0.18 (LXE 10 (0.06) 
Molybdenum ‚ NaOH(h) 0.18 (14) 0 (0.06) 

NaCl or KCI 030 (2/4) 1.0 (0.06) 
Copper and copper alloys(d) .. NaCl or KCI 0.30 (2%) 44 (0.27) 

NaNO, 0.60 (5) 3.3 10.20) 
Zirconium NaCl or KCI 030 (214) 2.1 0.13) 





Surface finish. e V 
МЛ. (a Inga) РН of electrolyte decreuses with use; maintain pl 


limited by gr: — particle size. (b) Maximum: can vary widely. (c) Rough surface finish. (d) NaNO; elect 
Каре must be greater than 11. (f) NaOH used up in process and must be replenished. (g) M 





provides 
imum of 0.09 
IH by adding NaOH or KOH. 





sufficiently uniform metal removal rate. It is 
sometimes advantageous to electrochemi- 
cally machine the alloy in a fully solutioned 
condition. 

General compositions of electrolytes for 
the ECM processing of different types of 
metals are given in Table 2. Compositions 
that have been used in specific applications 
are listed in the examples at the end of this 
article. 

Sludging electrolytes are solutions of 
typical salts, such as sodium chloride. 
These salts are used primarily because they 
provide substantial conductivity to the so- 
lutioning water. The salts are generally not 
depleted in the ECM process. Instead, the 
water is depleted, yielding hydrogen gas 
(H,) and the important hydroxide ions. 
The hydroxide ions combine with the met- 
al ions that are being removed by ECM, 
thus forming insoluble reaction products, 
or sludge. 

Sodium chloride solution is the most 
widely used electrolyte. It can be kept at 
constant strength by adding water to keep. 
the concentration constant, and its electri- 
cal conductivity is stable over a wide pH 
range of 4 to 13. In ECM operations, the 
chemical and electrochemical reactions and 
the presence of metallic hydroxides have a 
buffering effect, holding pH in the neutral 
range of 4 to 10 without special control 
procedures. 

As an electrolyte, sodium chloride also 
has some disadvantages. It is fairly corro- 
sive and produces large amounts of sludge. 
Some metals, such as tungsten and pure 
titanium, cannot be machined in a sodium 
chloride electrolyte. Rough finishes are pro- 
duced on aluminum alloys that contain sili- 
con when this electrolyte is used. 

Sodium nitrate, another salt, is used sin- 
gly or in combination with sodium chloride 
in some applications (Table 2). Sodium ni- 
trate gives smoother finishes on aluminum 
or copper alloys and is less corrosive than 
sodium chloride, but it is more expensive 





and is more likely to cause passivity of 
some work surfaces. Its electrochemical 
action is also less efficient than that of 
sodium chloride. 

Sodium chlorate salt solution has some 
unusual properties as an ECM electrolyte, 
and it can be used in. special applications. 
Additional precautions must be taken with 
sodium chlorate because of its flammability. 

Nonsludging Electrolytes. Strong alkali 
solutions (for example, NaOH) are used in 
the electrochemical machining of heavy 
metals (such as tungsten and molybdenum) 
and their alloys. The salt in these electro- 
lytes also provides the substantial conduc- 
tivity required. However, the salt is deplet- 
ed because the sodium ions of the salt join 
with the metals being removed by the ECM 
process. Therefore, new compounds, such 
as sodium tungstate (Na; WO,:2H;) and so- 
dium molybdate (Na;MoO;:2H,). form dur- 
ing the process, and makeup of both the 
alkali salts and the water are required for 
process control. This type of ECM opera- 
lion is referred to as a depletion mode 
because the alkali salt is depleted during the 
process. The new compounds in this pro- 
cess are quite soluble in water and heavy 
precipitate volumes do not occur. Howev- 
er, there is a tendency for the heavy metals 
to plate out from the solution and onto thc 
cathode. Therefore, cathodes must be peri- 
ally cleaned because this coating is ob- 
jectionable in a well-controlled, precision 
ECM process. 

Strong acid electrolytes (for example, hy- 
drochloric, nitric, and sulfuric) are also 
used in a depletion mode. The metals being 
removed by electrochemical machining also 
form new compounds (such as nickel chlo- 
ride, nickel nitrate, or nickel sulfate) with 
the electrolyte. Hydrogen gas is also pro- 
duced. These new compounds in acid elec- 
trolytes must be reduced by conditioning 
procedures or by periodic replacement with 
unused acid. The attendant plating-out con- 
ditions on the cathode occur early, adher- 
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ently, and continuously. It is often neces- 
sary to introduce a periodic voltage polarity 
reversal to keep the cathode surfaces clean. 
When using virtual electrodes (glass im- 
pingement nozzles), the plate out is essen- 
tially negated. Nevertheless, the contami- 
nant level in solution keeps increasing and 
requires conditioning of clectrolyte. 

Sludge, consisting of insoluble hydrox- 
ides or hydrated oxides of the work metal, 
is produced in conventional salt electrolytes 
at the rate of about 6 to 8 kg of sludge per 
kilogram of metal after filter pressing. A 
sodium chloride solution of 0.2 kg/L (2 Ib/ 
gal.) of water becomes more viscous soon 
after its sludge content exceeds 2.3 wt%. A 
thinner (less viscous) electrolyte is neces- 
sary when smaller cutting gaps or higher 
clectrolyte flow rates are used. The electro- 
lyte preferably should contain no more than 
2 wt% sludge. 

An electrolyte with up to 2 wt% sludge is 
nearly as efficient as a clean solution. There 
is little difference in the conductivity, rate 
of penetration, surface finish, or accuracy 
of machining. A dirty solution may deposit 
more precipitate on the sides of the work- 
piece, depending mainly on the flow rate of 
the electrolyte. There is some danger that 
dried precipitate may become lodged in the 
cutting gap or flow passages, causing a 
short circuit or a flow disturbance. For this 
reason in particular, a clean electrolyte is 
preferred. 

Filtering, centrifuging, and settling are 
generally done to remove sludge. It is usu- 
ally more practical to clarify even the 
cheapest electrolyte (sodium chloride) than 
to discard and replace it. 

The concentration level of the clectro- 
lyte solution for electrochemical machining 
is usually a compromise. A concentrated 
solution has the advantages of lower voltage 
and power requirements because of better 
conductivity. Faster rate of penetration and 
greater precision are also possible because 
the conductivity of a concentrated solution 
varies less with the changes in temperature 
and concentration encountered in the ECM 
process. On the other hand, diluted, low- 
concentration solutions cost less, dissolve 
more readily, and give a smoother surface 
on some work. 

Low-concentration solutions also make 
crystallization less likely. An overconcen- 
trated solution may become saturated and 
allow the formation of crystals that can 
damage pumps, valves, instruments, and 
pipes. However, a very weak solution 
causes local or intermittent passivity of the 
work, which makes hining difficult. A 
sodium chloride solution of 0.12 to 0.30 kg/ 
L (1 to 2.5 Ib/gal.) of water performs well as 
an electrolyte. 

The conductivity of the electrolyte de- 
pends primarily on its concentration and 
temperature. It must be controlled because 
it directly affects power requirements and 
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Temperature, °C 


Effect of temperature on the resistivity of five 
sodium chloride solutions 


Fig. 2 


rate of penetration. For higher conductivi- 
ty, the penetration rates are faster. 

The conductivity of an electrolyte 
changes substantially with temperature. For 
example, solutions of sodium chloride are 
100% more conductive at 70 °C (160 °F) than 
at 24 °С (75 °F). Figure 2 shows the effect of 
temperature on the resistivity of five solu- 
tions of sodium chloride. Any change in 
electrolyte conductivity will affect ECM 
geometry because the dimensions of the 
cutting gap and the side gap depend on the 
conductivity. This is why electrolyte tem- 
perature is closely controlled, Selection of 
the operating temperature usually involves 
а compromise. Maintaining a lower temper- 
ature on a high-amperage operation requires 
additional cooling requirements. A low-am- 
perage operation may require heating to 
maintain a higher temperature. To some 
extent, the conductivity of the electrolyte 
limits the current that can be used. 

The flow rate of the electrolyte is impor- 
tant because the electrolyte must adequate- 
ly remove the heat and the products of the 
chemical reaction. Flow can be related to 
the amount of current used; the larger the 
ratio of flow to current, the better the re- 
moval of heat and reaction products. How- 
ever, the cost of pumping increases as the 
flow increases, and excessive flow rates can 
cause local erosion on the workpiece or 
tool. A flow rate of 0.95 L/min (0.25 gal./ 
min) per 100 A of current is a guiding 
minimum for machining steel with an elec- 
trolyte of sodium chlorid: 

The flow rate also influences surface fin- 
ish and machining accuracy. High electro- 
lyte flow rates often improve the uniformity 
of metal removal with a given electrolyte 
without reducing the metal removal rate. 
Low flow rates may cause precipitates to 
stick to the workpiece. This may cause 
changes in the pattern of flow that could 
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affect the work. Local chemical attack may 
also vary with flow rate, causing changes in 
the surface finish. The flow rate sometimes 
affects the location and the thickness of 
deposits on the cathode; high rates mini- 
mize the formation of such deposits. In 
addition, flow rate has a small effect on the 
voltage required. 

Tool design also influences the rate, pat- 
tern, and uniformity of electrolyte flow. To 
produce a smooth, uniform surface on the 
workpiece, the tool design must provide a 
uniform flow rate over the entire machining 
area. However, a uniform flow rate at all 
points is difficult to achieve given the typi- 
cal flow velocities (30 to 60 m/s, or 100 to 
200 ft/s) in the gap. Moreover, the effects of 
changes in tool design on flow rates and 
patterns are difficult to predict, although 
tool design can improve flow characterist 
(see the section “Tool Design™ in this arti: 
cle). 

Machining with electrolyte back pres- 
sure is a useful form of electrochemical 
machining in some applications. In this 
technique, the work is enclosed, restricting 
the outflow of the electrolyte. Therefore, 
the average pressure in the gap creased. 
This increase in pressure results in in- 
creased conductivity, which results in the 
tool cutting a proportionately larger hole 
(Fig. 3). Even a small increase in pressure 
makes the tool cut a larger hole, but at 
pressures exceeding 550 kPa (80 psi), the 
gap increase becomes slight. Studies sug- 
gest that the current rises because the pres- 
sure makes the hydrogen bubbles smaller in 
the cutting gap, causing a greater effective 
conductivity of the electrolyte. Another ef- 
fect of using back pressure in electrochem- 
ical machining is the reduction or the elim- 
ination of flow lines on the work. 
Disadvantages of back pressure include an 
crease in hydraulic forces and an increase 
in tooling costs. 

Safety Precautions. Sodium chloride and 
potassium chloride, used as electrolytes, 
present no unusual hazards. Dry oxidizing 
salts such as sodium nitrate and particularly 















sodium chlorate are hazard prone. They 
should not be allowed to impregnate and 
dry on organic or combustible materials. 
The alkalies (wet or dry) are dangerous to 
bodily tissue. Mists, vapors, and dusts of 
alkalies must be avoided. Ventilation must 
be provided on equipment and for handling 
chemicals. Protective gloves and face 
shields or masks may be required for han- 
dling most chemicals. Hydrogen, freed at 
the ECM cathode, must be vented from the 
high point of the work enclosure to prevent 
hydrogen explosions. 

Electrolytes used to machine alloys con- 
taining chromium or other heavy metals 
may become hazardous to the environment. 
Proper storage, handling, and disposal 
make it essential to recycle these electro- 
lytes. The metals can be reclaimed or prop- 
erly converted to eliminate environmental 
disposal problems. 

Proper design of equipment and tools, 
together with sound operating procedures, 
minimizes the likelihood of major short cir- 
cuits, which can cause melting of the tool or 
workpiece. Acids and chloride salts can be 
extremely corrosive; therefore, their use 
necessitates suitable construction materials 
and safe operating practice. 


Tools (Cathodes) 


Critical aspects of electrochemical ma- 
chining are the material design and con- 
struction of tools. The method of determ 
ing the proper tool for a particular 
application is largely empirical. 

Tool Materials. The metal used for a 
cathode or associated tooling should have 
the necessary stiffness and machinability in 
addition to electrical and thermal conduc- 
tivity and chemical resistance to the elec- 
trolyte. Copper, brass, bronze, stainless 
steel, and titanium are the materials most 
frequently used for ECM tools. Bronze or 
brass is usually the optimum choice, except 
where greater stiffness is needed. Titanium 
is especially useful when machining with an 
acid electrolyte that anodizes it (sulfuric 
acid, for example). The current can then be 
reversed periodically to remove plated de- 
posits without excessive electrochemical 
machining of the cathode. 

Protective devices on ECM equipment 
limit the amount of current transferred by a 
short circuit. Copper and brass are less 
likely than other metals to be seriously 
damaged by such a current-limited short 
circuit because these highly conductive 
metals dissipate heat rapidly. The same 
type of short circuit, when using stainless 
steel or titanium cathodes because of low 
thermal conductivity, could concentrate 
much more heat at the affected point and 
cause severe local damage. Copper tung- 
sten is very resistant to damage from short 
circuits because of its high melting point. 
Damaged tools and work usually would 











Table 3 Relative properties of four 
metals used as tools (cathodes) in 
electrochemical machi: 


Tool (electrode) material 











Property ‘Copper Brass Stainless Titanium 
Electrical resistivity... 1 4 3 48 
Stiffness 11 1 19 Lt 
Machinability......... 6.0 80 25 10 
Thermalconductivity.. 25 75 10 26 





have to be removed for repair or replace- 
ment, Table 3 compares the properties of 
four metals used for ECM tools, and Table 
4 lists materials for ECM tools. 

Tool Design. The tool or cathode is usu- 
ally shaped like a mirror image of the ma- 
chined area of the completed part. Its func- 
tion is to provide a defined path for the 
ECM current. The designer must determine 
the nature and the extent of the required 
deviation or gap allowances from the mirror 
image configuration, while providing for a 
uniform and sufficiently high flow rate of 
electrolyte in the gap to allow a practical 
rate of metal removal. 

Tool dimensions must be slightly differ- 
ent from the nominal mirror dimensions of 
the completed part to allow for ECM over- 
cut, which can range from 0.025 to 1.3 mm 
(0.001 and 0.050 in.), depending on electro- 
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Table 4 Materials for ECM tools 
(cathodes) 


Copper alloys 

110, electrolytic tough pitch copper 

145, free-cutting copper (14% Te) 

187, free-cutting copper (1% Pb) 

220, commercial bronze, 90% 

cartridge brass 

ree-culling brass 

aval brass 

luminum-silicon bronze 

sopper nickel, 10% 
Copper-manganese alloy 

316 stainless steel 

Titanium (99%) 

Tungsten 80%, copper 20% (sintered) 













lyte flow and the required dimensional ac- 
curacy. Both the part and the cathode must 
have adequate current-carrying capacity. 
The ECM cell must have strength and rigid- 
ity to avoid flutter and arcing. When possi- 
ble, the cathode and workpiece surfaces 
should approximately conform at the start 
of cutting; stock is sometimes added to, or 
removed from, the workpiece to accomplish 
this. 

Tool Types. General types of tool design 
for various ECM applications are illustrated 
in Fig. 4. The most common tool design is 
the open-flow type (Fig. 4a), in which elec- 
trolyte enters the gap through a channel in 
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the center of the tool and exits around the 
outside of the tool to the atmosphere. 
Taper-free cavities can be machined with 
the insulated construction shown. The di- 
mensions of the lip on the leading edge of 
the tool and the location of the insulation 
govern the overcut and the extent of side 
cutting. For optimum surface finish, side 
cutting can be removed by making the lip 
thinner. 

Tools for external machining may be of 
the cross-flow type (Fig. 4b), in which elec- 
trolyte enters the gap at one side of the 
workpiece and exits at the opposite side, 
This may necessitate special fixtures to 
confine the electrolyte flow to the space 
between the workpiece and the tool. With 
reverse-flow tools, the electrolyte is 
pumped through the gap and out through 
the tool by using special fixtures to confine 
the liquid. This type of tool is sometimes 
needed to provide more uniform flow for 
long or deep cuts or to meet close-tolerance 
or low-micron finish requirements. 

Figures 4(c) to (h) show other tools for a 
variety of ECM applications. Because of 
the interaction of working-tip shape and 
dimensions, location of insulation, current 
ity, and feed rate, the design of tools 
for machining complex shapes requires an 
understanding of fluid flow, electrical, and 
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ing tool of the open-flow type, with insulated sidewall. Holes of uniform curvature can be cut with curved tool. (b) 
fixtures are required to confine electrolyte. (c) Tool for tapering a predrilled hole. (d) Tool for sinking a stepped 


through hole. Electrolyte enters gap through predrilled hole. (e) Tool for enlarging interior section of o hole. A stub tool of similor design con be used to enlarge the interior of 
a blind hole. (f) Open-flow cathode used to generate the outside diameter wall and leave an embossment. (9) Double-wall trepanning tool; entire wall is insulated. A single-wall 
tool can be used, with electrolyte entering on one side and leaving on the other side, but flow rotes must be high and control is less precise. Special types are available for slug 
cutoff. Oddly-shoped or tapered holes can be made. (h) Cross-flow tool used to generate ribs on a surface without leaving flow lines on the part. Flow is fed down one side, across 


the face, and up the second side. 
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electrochemical principles, as well as expe- 
rience and ingenuity. Although tool design 
may be difficult and time consuming and 
may require tool trials for complex shapes 
or close-tolerance applications, the cost of 
additional or replacement ECM tooling is 
usually much less than that for conventional 
machining. 

Flow and Tool Design. The tool design 
must permit electrolyte flow to and from all 
machining areas at a rate sufficient to keep 
a film of fresh fluid in the machining area 
and to dissipate the generated heat. The tool 
design should also allow a uniform flow rate 
in the gap. 

A common peculiarity of electrochemical 
machining is the occurrence of striations, 
ridges, or protuberances on the workpiece. 
These are found opposite or near the elec- 
trolyte flow channels in the tool or at other 
points where sudden changes in flow direc- 
tion cause stagnation. The flow pattern can 
be improved and the surface irregularities 
reduced in number and size by using a 
larger number of smaller holes or slots in 
the tool, but it is sometimes still necessary 
to conduct an additional operation to re- 
move these irregulari 

Tool surfaces should be smoothly fin- 
ished. Any slight defect in the tool may 
affect the ECM machining, leaving marks 
on the machined surface. Nicks, scratches, 
notches, burrs, and lines can all cause 
matching defects in the work. Any flaw in 
the tool that disturbs the flow of electrolyte 
can cause a flow line or flow pattern to be 
machined into the work. 

Computer-Aided Design and Manufacture 
(CAD/CAM). With computer-integrated man- 
ufacturing, cathodes can be produced at 
lower costs and with greater accuracy. 
Computer-aided systems are used first to 
design a cathode with the proper offsets 
from the workpiece. The computer-aided 
designs are programmed for the CNC sys- 
tem of the precision milling machines (or 
lathes), which produce the cathodes. Pro- 
grams for the computer numerical control of 
multiple-axis ECM machines can also be 
produced. Next, inspection data and pro- 
grams for a coordinate-measuring machine 
are produced and down loaded. The coor- 
dinate-measuring machine inspects the 
workpiece or cathode and sends data back 
to the CAD/CAM unit for analysis of the 
results. Educated iterations of the tool are 
then possible so that optimum geometries 
can be produced. 

In the past, the development of ECM 
tools and parameters was essentially an art. 
Cathodes were produced by an experienced 
and skilled toolmaker using much hand fin- 
ishing. Today, with the advent of computer 
systems, cathodes can be machined com- 
pletely by computer numerical control. This 
introduces new levels of accuracy and sub- 
stantially reduces time and cost. In addi- 
tion, with computer numerical control of 
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Table 5 Effects of double tempering treatments on metal removal rates 
for 4340 steel in electrochemical machining 





Double treatment 
(after quenching to 49 °C, or 120 *F) 


Removal rale, 





218 °C (425 °F), 2 h; 230 °С (450 °F), 2 h. 
425 "C (800 °F), 2 h; 425 °C (800 °F), 2h . 
650 °C (1200 °F), 2 h; 650 °C (1200 °F). 2h - 











the ECM machine drives and peripheral 
systems, much more flex у, producibil- 
ity, and precision are possible. Many stud- 
ies have been conducted on parameters and 
their effects during the ECM process, and 
the result has been a much better under- 
standing of the process and its optimization. 

Insulation is important in the control of 
the electrical current. The tool can be insu- 
lated in a number of ways, depending on its 
shape, as discussed in the section “Tool 
Design™ in this article. Spraying or dipping 
is generally the simplest method of applying 
insulation. However, a more durable insu- 
lation is often needed. The following quali- 
ties are essential: 


* Adhesion to the tool. Preformed insula- 
tion can be held to the tool by shrinkfit- 
ting, adhesives, or fasteners 

ө Sealing without pores or leaks that could 
cause stray machining by current leakage 

* Adequate thickness (0.05 mm, or 0.002 

‚ is minimum) 

• Smoothness to avoid disturbing the flow 
of electrolyte 

* Resistance to heat for continuous service 
at 200 °C (400 °F) without breakdown 

ө Curing temperature of 230 °C (450 °F) or 
less to prevent damage to the tool 

* Durability to resist wear in guides and 
fixtures 

* Chemical resistance to the electrolyte 












ation to minimize distur- 
bance of the flow of electrolyte and to 
prevent interference 
* Low water absorption 


Teflon, urethane, phenolic, epoxy, pow- 
der coating. and other materials are com- 
monly used for insulation. At low flow rates 
and low current density, most of these 
materials are satisfactory insulators and 
provide adequate life when the tool has a lip 
to protect the edge of the insulation from 
the flow force of the electrolyte. 

Sprayed or dipped coatings of epoxy res- 
ins are among the most effective insulating 
materials. For optimum effectiveness, these 
coatings should be used with a protective lip 
on the tool. Nylon, acetal, and fiberglass- 
reinforced epoxy are among the better self- 
supporting preformed materials for insula- 
tion. However, such insulation should havc 
a 0.5 mm (0.020 in.) minimum thickness to 
obtain long life in heavy-duty ECM service 
and should be protected at the edge against 
the force of electrolyte flow. 





Hardness, [ mm? x 10min 1 Appearance of 
HRC (in."/min) per 1000 A machined surface 
54 1.72 (0.105) Dark. dull 
44 1.88 (0.115) Dark, dull 
32 2.02 (0.123) Bright 
Workpiece 


Workpieces of almost any material that 
conducts electricity can be electrochemical- 
ly machined. Table 2 provides the selection 
of electrolytes and rates of machining for 
various materials. 

Microstructure. Little information is 
available on the effects of different work- 
alloy microstructures on ECM results. 
However, experience in similar processes 
such as electropickling and electropolishing 
suggests that the following effects may oc- 
cur: 





© Large grain size may cause a rougher 
finish than fine grain size 

* Insoluble inclusions (graphite in cast 
iron, for example) may cause roughness 
and process problems 

* Variations in composition, as in case- 
hardened steel, may cause differences in 
machining 

е Precipitation of intermetallic compounds 
at the grain boundaries, as in the heat 
sensitizing of some stainless steels, may 
cause serious intergranular attack 


Hardness. Electrochemical machining 
can be used to cut hardened metals. Al- 
though metal removal rate is not directly 
related to work metal hardness, it may be 
affected by heat treatment and other oper- 
ations that alter the microstructure of the 
material. Because of this dependence of 
machining rate on microstructure, constant 
voltage and feed rate cannot ensure close 
tolerances and a fine finish; a consistent 
workpiece material is also important. Sur- 
face finish and tolerances can also vary with 
changes in material hardness. Table 5 pro- 
vides data on the rate of metal removal 
(volume of metal removed per minute per 
1000 A) for 4340 steel after three double 
tempering treatments. All machining was 
done with a sodium chloride solution con- 
centration testing 22° Baumé at 27 ^C (80 
°F). Table 5 indicates that metal removal 
was faster at lower hardness; other alloys 
and heat treatments might exhibit the re- 
verse relation or no change in removal rate 
relative to hardness. 

Removal rates depend on the valence 
and atomic weight of the workpiece. As 
indicated in Table 1, theoretical maximum 
rates range from 650 to 4400 mm"/min (0.04 
to 0.27 in.*/min) per 1000 A. With suitable 
selection of electrolyte and operating con- 
ditions, workpieces can be electrochemical- 











ly machined close to the theoretical removal 
rates. If metal dissolution proceeds at a level 
of efficiency substantially lower than the the- 
oretical efficiency, the evolution of oxygen or 
chlorine or another undesirable product at the 
workpiece is indicated, and such conditions 
should be avoided. As a first approximation, 
a value of 1600 mm/min (0.1 in.'/min) per 
1000 A (Table 1) can be assumed for most 
metals in preliminary planning; this assump- 
tion disregards the effects of valence, work 
metal density, and other factors. 

Cleaning of the workpiece is nearly al- 
ways necessary after electrochemical ma- 
chining. Cleaning should be done before 
any residue has hardened on the work. A 
rinse in water may be all that is needed for 
metals that resist corrosion. Steel and cast 
iron are usually treated in alkaline cleaning 
solutions (with or without a water rinse) or 
in a water-displacing compound that may 
leave a protective coating on the workpiece. 
A mild hydrochloric acid solution is com- 
monly used before a clean water rinse. 
Glass bead peening or vapor blasting is also 
used in numerous applications. 

Hydrogen embrittlement of the work 
surface does not normally occur during elec- 
trochemical machining, because hydrogen is 
given off at the cathode and not at the work- 
piece. However, the entry of hydrogen may 
be possible when a workpiece is in an acid 
solution with no electrical current. A hydro- 
gen-sensitive workpiece should not be im- 
mersed in an acidic electrolyte unless the 
current is flowing. Immediate, thorough rins- 
ing should follow electrochemical machining. 
Neutral electrolytes, such as salt solutions, 
are unlikely to cause hydrogen embrittle- 











ment. However, laboratory checks are some- 
times made. 


Surface Finish 


Surface finish of electrochemically ma- 
chined parts is usually 0.30 to 1.9 шт (12 to 
75 yin.) for the frontal cutting-gap area and 
as rough as 5 рт (200 pin.) or more for the 
side-gap area. Important variables that af- 
fect surface finish are current density, feed 
rate, gap dimensions, electrolyte composi- 
tion, viscosity, temperature, flow, and 
workpiece microstructure. 

Some metals can be polished in simple 
salt solutions if the current density is great 
enough. The polishing action is more pro- 
nounced at higher current densities and is 
influenced by such factors as the flow and 
temperature of the electrolyte. The bottom 
of a hole made by electrochemical machin- 
ing is often polished, while the sides have a 
dull finish. This is partly explained by local 
variations in current density. Most of the 
current flows through the cutting face of the 
tool. Some current strays to the sides, be- 
hind the leading edge. The sides of the hole 
are machined somewhat by the stray cur- 
rent at a lower current density, producing a 
dull finish. The greater current density at 
the cutting face yields a finer finish. 

Microscopic surface defects, such as in- 
tergranular attack, may be caused by selec- 
tive ECM attack on certain constituent 
an alloy. Such defects are usually associ 
ed with low current densities and interme- 
tallic precipitates at grain boundaries. Inter- 
granular attack can shorten the fatigue life 
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of metal and cannot be tolerated in parts 
subjected to alternating high stress. Inter- 
granular attack can usually be avoided with 
proper selection of clectrolyte and ECM 
parameters. 

Surfaces that have been electrochemical- 
ly machined have little or no residual stress. 
When electrochemical machining replaces 
mechanical machining, the effect on fatigue 
life should be considered because a com- 
pressive stress may be required on the 
surface of the workpiece for adequate fa- 
tigue life. Many applications benefit from 
shot peening or glass bead operations to 
induce compressive stress at the surface 
after electrochemical machining. This will 
increase the fatigue life of an electrochemi- 
cally machined workpiece. 





Accuracy 


The usual dimensional tolerances for 
electrochemical machining are +0.13 mm 
(50.005 in.) for the frontal gap and +0.25 
mm (+0.010 in.) for the side gap. However, 
it is possible to control the process to 
2.0.025 mm (50.001 in.). It is difficult to 
machine internal radii smaller than 0.8 mm 
(0.030 in.); external radii can be 0.5 mm 
(0.02 in.) or larger. Overcut, taper, and 
corner radii depend on the configuration of 
the cathode. Common results are 0.001 
(0.001 in./in.) of taper, 0.5 mm (0.020 
ut, and 2.5 mm (0.10 in.) corner 
he contour of the internal radii can 
be approximated by adding the amount 
of side cutting gap to the radius on the cath- 
ode. 











Table 6 Comparison of time and cost for ECM versus previous machining method in five production 








applications 
‘Square hole in tool Parallel holes in U-700 
Two slots in Waspaloy р Pocket in 4-286 Through hole in M-252 steel (52 HRC) Application of 
Mem ECM End milling ECM End mitinga) ECM End millingib) ECM(c) EDM electrastream drilling 
‘Time per piece, min 
Machining cuc b 20 84 10 к! 6 E 
Loading and unloading. . 4 10 5 5 2 2 2 
С ae tools item + & 12 © 12 
Total.. 10 EJ ют 15 95 s эз 


Ratin of cost per piece (costs include labor, overhead, and tool use) 


ECM cost/cost of other process 
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Note: Dimension in figure given in inches. (a) Tool breakage averaged four cutters per pocket (b) Cutter required three regrinds per hole.) Final sizing (not shown) was done on eecirochemically machined 
parts in one third the time required for electrical discharge machined parts. Source: SAE technical paper S: 
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Eight applications of electrochemical machining. (o) Bottom contour of a deep hole. (b) Airfoils machined directly on а compressor disk. (c) Fini 
in a nozzle. (d) Machining  thin-wall casing with embossments. (e) Contouring a turbine blade surface. (f) Cutting slots in a valve plate. (g) Cutting spiral grooves 


in a friction plate. (h) Cutting multiple small cavities in Inconel 718. All dimensions given in millimeters 


Applications 


Table 6 compares the processing time for 
machining four different parts by end mill- 
ing, electrochemical machining, and electri- 
cal discharge machining. In each case, elec- 
trochemical machining reduces the required 
processing time. The cost advantage of the 
ECM process in these four examples also 
ranges from 4 to 1 to 9 to 1. 

The fifth part illustrated in Table 6 applies 
more to electrostream drilling, which is a 
modified ECM process. A description of this 
process is provided in the article "'Electro- 
stream and Capillary Drilling" in this Volume. 

A major application of electrochemical 
machining is deburring in automated, high- 
production applications, particularly on 
points not practically accessible by conven- 
tional machining methods. The ECM pro- 
cess is also used to rough machine massive 
forgings and other large, complex shapes. 
The variety of work done by electrochemi- 
cal machining is further illustrated by the 
following examples. 

Example 1: Electrochemically Ma- 
chined Bottom Contour of a Deep Hole. 
Figure 5(a) shows a deep hole with a bottom 











contour. The part material, Ti-6Al-4V, was 
rough bored approximately 250 mm (10 in.) 
deep. A 1 to 20 Vdc machine with a maximum 
amperage of 15 000 A was used to rough and 
finish the bottom contour. Brass cathodes 
were used, with electrolyte flowing into flow 
slots in the face and out through the center. 
The roughing operation started at 17 Vdc 
and a 2 mm/min (0.080 in./min) feed rate and 
ramped down to a feed rate of 0.8 mm/min 
(0.030 in./min) so that the amperage did not 
exceed 13 000 A. The finishing started at 4.8 
mm/min (0.190 іп./тіп) at 14 Vdc and 
ramped down to 0.7] mm/min (0.028 in./ 
min), also limiting amperage to 13 000 A. 
The current was limited by the cooling 
capacity of the part because of the large 
mass and its electrical resistance. 
Example 2: Electrochemically Ma- 
chined Airfoils. Airfoils (Fig. 5b) were ma- 
chined directly on a compressor disk to 
eliminate the mechanical joining of a disk 
and the airfoils. Electrochemical machining 
was used to rough and finish the airfoils out 
of a turned hub. A multiaxis ECM machine 
with computer numerical control was used. 
The specifics of the process and the ma- 
chine are proprietary. Electrochemical ma- 
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chining yielded a consistent surface finish 
and satisfactory part tolerances; therefore, 
no further processing (machining or polish- 
ing) of the airfoils was required. 

Example 3: Electrochemical Machining 
of a Stainless Steel Nozzle. Figure 5(c) 
shows the cross section of a nozzle of type 
316 stainless steel, made from a tube in a 
machine that could provide 500 A at 24 Vdc 
or less. A copper tool was fed into one end 
of the tube to machine the hole to a conical 
shape, with a current beginning at 20 A and 
ending at 310 A and 17 V. 

The electrolyte was sodium chloride (0.12 
kg/L, or 1 Ib/gal., of water) at a temperature 
of 27 °C (80°F). A pressure of 550 kPa (80 psi) 
caused the electrolyte to flow at 7.6 L/min (2 
gal./min) with 50 рт filtration. Tool penetra- 
tion was 44.2 mm (1.74 in.), with a feed rate of 
5.8 mm/min (0.230 in./min). A cutting time of 
7.6 min produced internal smoothness of 
0.125 to 0.25 рт (5 to 10 pin.). 

After this first operation, the part was 
inverted, and another copper tool was used 
to machine the radius at the other end of the 
hole. The current began at 20 A and ended 
at 220 A. The electrolyte was the same as 
before, with the same circulation. Tool pen- 








etration was 4.95 mm (0.195 in.), with a feed 
of 2.5 mm/min (0.100 in./min). Cutting time 
was 2 min. producing an internal finish of 
0.125 to 0.25 jum (5 to 10 pin.). 

Example 4: Electrochemical Machining 
of a Casing. Figure 5(0) shows a thin-wall 
casing with embossments on the outside. 
The material used was Inconel 718. The part 
was finish machined on the inside and had 
stock on both flanges. Multiple cathodes 
were required for generating the different 
embossments and the walls between them. 
The part was divided in such a way that 
each ECM cut covered a certain angle 
around the circumference. The direction of 
feed was normal to the outside surface. 

Typically, an open-flow cut is used for 
this type of part. In an open-flow cut, the 
electrolyte is fed through the center of the 
cathode and out to atmosphere. The posi- 
tion at which the cathode is stopped deter- 
mines the wall thickness of the part. 

Sodium chloride at a concentration. of 
0.138 kg/L (1.15 Ib/gal.) of water was 
pumped through the gap at 230 kPa (330 
psi). Voltages of 12 to 18 Vdc are most 
common. Feed rates are normally 0.8 to 1.8 
mm/min (0.030 to 0.070 in./min). The max- 
imum amperage of the machine or the pump 
size is sometimes the limiting factor in max- 
imum material removal rates. 

Surface finishes of 1.6 pm (63 pin.) on the 
wall and 3.8 pm (150 pin.) on the sides of 
the embossments are typical. Tolerances on 
the wall thickness are usually +0.25 mm 
(50.010 in.) and are +0.38 mm (10.015 in.) 
‘on boss sizes and position for a production 
part. If required, tighter tolerances can be 
achieved. but costs will increase. 

Example 5: Electrochemical Machining 
of a Turbine Blade. The constant-scction 
portion of the turbine blade shown in Fig. 
5(e) was electrochemically machined from 
either of two heat-resistant alloys (A-286 or 
Waspaloy) in a machine that could provide 
5000 A al 2 to 20 Vde, using a tool made of 
à copper-tungsten alloy. 














To make the blade of A-286, the current 
began at 100 A, rosc to 170 A, and ended at 
150 A, at 11 volts. The electrolyte was a 
sodium nitrate solution (0.26 kg/L, or 2.2 Ib/ 
gal. of water) at a temperature of 43 °C (110 
°F). Pressure of 900 to 1400 kPa (130 to 2 
psi) caused electrolyte flow of 7.6 L/min (2 
gal./min), with 50 pm filtration. Penetration 
of the 1.8 mm (0.7 in.) length at the rate of 
7.6 mm/min (0.300 in./min) took 2.33 min, 
machining the surface to a final roughness 
of 0.38 to 0.63 pm (15 to 25 pin.). 

To make the blade of Waspaloy. the 
current began at 100 A, rose to 160 А. апа 
ended at 150 A, at 12 V. The electrolyte was 
a sodium chloride solution (0.20 kg/L, or 1.7 
Ib/gal. of water) at a temperature of 32 °C 
(90 °F). A pressure of 900 to 1400 kPa (130 
to 200 psi) caused electrolyte flow of 9.5 L/ 
min (2.5 gal./min), with 50 pm filtration. 
Penetration of the 1.8 mm (0.7 in.) length at 
the rate of 8.25 mm/min (0.325 in./min) took 
2.15 тіп; surface finish was 0.25 to 0.50 pm 
(10 to 20 pin.). 

Example 6: Electrochemical Machining 
of Slots in 52100 Steel Plates. Eight slots 
8.4 + 0.2 mm (0.330 + 0.007 in.) deep were 
simultaneously machined in a valve plate 

ig. 5f) made of 52100 steel hardened to 65 
. The holes were made in a setup that 
could provide 5000 A at 2 to 20 Vdc. A brass 
tool was used, with a current beginning at 
1500 A and ending at 2200 A, at 13 V. The 
electrolyte was a sodium chloride solution 
(0.20 kg/L., or 1.7 Ib/gal. of water) at a 
temperature of 32 "C (90 °F). A pressure of. 
690 to 1000 kPa (100 to 150 psi) caused the 
electrolyte to flow at 68 to 76 L/min (18 to 
20 gal./min). with 50 jm filtration. Tool 
penetration was 8.4 mm (0.330 іп.). with a 
feed rate of 3.8 mm/min (0.150 in./min). 
Cutting time was 2.2 min; finish was 0.63 to 
1.25 um (25 10 50 pin.). 

Example 7: Electrochemical Machining 
of Spiral Grooves. Seventy two equally 
spaced spiral grooves (Fig. 5g). 0.38 mm 
(0.015 in.) deep by 1.0 mm (0.040 in.) wide, 

















Electrochemical Machining / 541 


were machined in a friction disk (1020 stecl, 
60 to 75 HRB) in an ECM machine that 
could provide 12 800 A at 14 to 24 Vde. A 
brass tool was used, with current beginning 
at 650 A and ending at 600 A, at 20 V. The 
electrolyte was a solution of sodium chlo- 
ride (0.15 kg/L. or 1.25 Ib/gal., of water) at 
a temperature between 30 and 32 °C (85 
and 90 °F). A pressure of 690 kPa (100 psi) 
caused the electrolyte to flow at 40 L/min 
(10 gal./min) through a clarifier. A tool 
penetration of 0.4 + 0.1 mm (0.015 = 0.005 
in.) was performed with a feed rate of 1.3 





mm/min (0.050 in./min) and with a 5 s final 
dwell. Cutting time was 0.3 min. The 72 
grooves were machined at one lime, and the 





operation was repeated on the other side. 
Example 8: Electrochemical Machining 
of Multiple Small Cavities in Inconel 
718. Milling small cavities into Inconel 718 
can be very costly because small cutters 
must be used. With electrochemical ma- 
chining, however, the cavities can be ma- 
chined in groups, and perishable cutters are 
not required. Figure 5(h) shows the basic 
cavity characteristics of a part for which 
about 7 h of conventional milling is needed 
to machine 60 cavities. This part can be 








electrochemically machined in approxi- 
mately 1.5 h. 
A vertical-ram ECM machine with a 





10 000 A, 2 to 20 Vde power supply was 
used to machine ten cavities per cut. The 
ten brass cathodes were produced on preci- 
sion CNC milling machines, thus making 
replacement cathodes more economical and 
accurate. Lot sizes were held to offset the 
8-h setup over as many parts as possible. 

The electrolyte was a sodium chloride 
solution (0.138 kg/L, or 1.15 Ib/gal., of wa- 
ter) at 38 °C (100 °F). The feed rate was 2.2 
mm/min (0.085 in./min) for a depth of 13.5 
mm (0.530 in.). A voltage of 14 Vdc and a 
maximum current of 2600 A were used. 
Surface finishes of 1.60 xm (63 pin.) on the 
bottom and 3.8 рт (150 pin.) on the side- 
walls were typical 
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ELECTROCHEMICAL GRINDING 
(ECG), also called electrolytic grinding, is 
similar to electrochemical machining 
(ECM), except that the cathode is an elec- 
trically conductive abrasive grinding wheel 
instead of a tool shaped like the contour to 
be machined. Electrochemical grinding is 
used primarily to machine difficult-to-ma- 
chine alloys (such as stainless steel, Hastel- 
loy, Inconel, Monel, Waspalloy, and tung- 
sten carbide), heat-treated workpieces (60 
to 65 HRC and harder), fragile or thermo- 
sensitive parts, or parts for which stress- 
free and burr-free results are required. The 
process was introduced in the carly 1950s, 
evolving from developments in the 
U.S.S.R. on electrical discharge machining. 
Both processes, electrochemical machining 
and electrical discharge machining (EDM), 
make use of the direct application of the 
electrical energy in metal removal. Howev- 
er, ECM and ECG should not be confused 
with EDM because ECM and ECG involve 
electrochemical processes, not a discharge 
process. 


Process Characteristics 


Electrochemical grinding removes metal 
by a combination of electrochemical and 
grinding actions. The electrochemical ac- 
tion is the reverse plating or oxidation pro- 
cess that occurs when a metallic workpiece 
passes an electrical current in the presence 
of an electrolyte. This electrochemical ac- 
tion is responsible for most (90%) of the 
material removal, but the grinding action of 
the cathode wheel removes the buildup of 
oxide film on the surface of the workpiece. 

In electrochemical grinding (Fig. 1), the 
workpiece is a positive electrode (the 
anode), and the wheel is a negative elec- 
trode (the cathode). The two electrodes are 
connected to a direct current source and are 
immersed in a conductive ionic solution (the 
electrolyte) containing positively and nega- 
tively charged ions. Under the influence of 
electric potential, the positive ions migrate 
to the cathode, and negative ions migrate to 
the anode. At the cathode, the positive ions 
of the electrolyte take on electrons (reduc- 
tion) and are discharged as neutral atoms or 
molecules. At the anode, the negative 101 
release electrons (oxidation) and are dis- 








charged as neutral atoms or molecules. As 
electrolysis occurs, an oxide film is formed 
on the surface of the anodic workpiece, The 
oxide film is an electrically insulating di- 
electric and, if allowed to remain, would 
slow or stop the pro „ depending on the 
porosity of the film. The abrasive material 
in the cathode wheel wipes the oxide away, 
exposing metal for continued oxidation. 
The mechanics of the process are shown in 
Fig. 1. 

Less power is needed for electrochemical 
grinding than for electrochemical machining 
because the machining area is smaller and 
the abrasive in the wheel is removing the 
oxide. Current ranges from 5 to 1000 A are 
most common, with a voltage of 3 to 15 V 
over an electrolyte gap of approximately 
0.025 mm (0.001 in.) or less. The process is 
usually operated at room temperature, at a 
wheel speed of 1100 to 1800 m/min (3500 to 
6000 sfm). New high-speed slotting applica- 
tions using metal bond diamond wheels are 
sometimes run at speeds of 2500 to 3000 m/ 
min (8000 to 10 000 sfm) or more. Operating 
voltages are generally adjusted to give a 
maximum metal removal rate consistent 
with surface finish requirements and ac- 
ceptable wheel wear. This adjustment is 
often made by increasing the voltage setting 
until audible sparking is observed and then 
reducing the voltage by № to 1 V. Lower 
voltages are used if the objective is close 
tolerances, reduced overcut, sharp edges, 
bright finishes. or other spe: require- 
ments. Amperage, rate of chemical change, 
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and rate of stock removal increase linearly 
with increases in voltage, until severe arc- 
ing and sparking occur. This reflects а 
change from clectrochemical grinding to 
electrical discharge machining. which can 
result in severe pitting of both electrodes. 
Depending on the type of cathode wheel 
used, this change takes place at a point 
somewhere between 10 and 15 V. This 
condition can be quickly corrected by volt- 
age adjustment. 

Wheel-workpiece force is generally con- 
sidered to be very low. Depending on the 
area of contact between the wheel and 
workpiece. it is frequently in the range of 
140 kPa (20 psi) or less. On larger cuts, tests 
have shown it can be as high as 1400 kPa 
(200 psi), but this is not normal. 

Removal Rates. Although 99% of the 
material removed can be accomplished by 
electrochemical action, usually 5 to 10% of 
the metal removed is by abrasive action. For 
most metals, a removal rate of 1600 mm/min 
(0.1 in.'/min) per 1000 A of current can be 
assumed for preliminary purposes. 

Theoretically, ECG removal rates are 
limited by Faraday’s Second Law, which 
states that | Faraday (96 494 coulombs or 
ampere seconds) will liberate | g equivalent 
weight of a substance, or its atomic weight 
divided by the valence. For example, the 
gram equivalent weight of iron is the atomic 
weight divided by the valence of the dis- 
solved iron, or 56 divided by 2 equals 28. 
Thus, under laboratory conditions, 28 g of 
iron will dissolve during the passage of each 
Faraday of electricity. Table 1 lists the 
theoretical metal removal rates at 1000 A of 
current flow. 

Removal rates for a given current are, of 
course, less than the theoretical limit, and 
variations in temperature, metallurgy, and 
electrochemical reactivity of the electrolyte 
affect the metal removal rate. The most 
accurate method of determining removal 
rates is by empirical testing. 

The electrical current in a particular ap- 
plication is determined by the current den- 
sity and the area of the gap between the 
anode (wheel) and the cathode (workpiece). 
Current density most often depends on the 
material being processed, although it is also 
affected by gap distance and voltage. Table 
2 lists current densities for various work- 
































Table 1 Theoretical limits of electrochemical grinding 
Density 
Meal зке m win! 
Aluminum... 3 2.67 0.098 
Beryllium 2 1.85 0.067 
Chromium 2 719 0260 
3 7.19 0.260 
6 749 0260 
Cobalt... 2 8.85 0.322 
3 8.85 0322 
Niobium. ай 8.57 0310 
4 8.57 0310 
5 8.57 0.310 
Соррег...... 1 8.96 0.324 
2 8.96 0324 
Iron 2 7.86 0284 
3 7.86 0.284 
Magnesium ..... 2 1.74 0.063 
Manganese. 2 743 0.270 
4 743 0.270 
6 743 0.270 
7 743 0270 
Molybdenum... 2 10.22 0.369 
4 10.22 0.369 
6 10.22 0.369 
Nickel... 2 890 0.322 
3 3.90 0.322 
Silicon. E 13 0.084 
Silver 1 10.49 0.379 
Tin. .2 730 0264 
4 73 0.264 
Titanium. nid ASI 0.163 
4 4st 0.163 
Tungsten oss... © 19.30 0.697 
x 19.30 0.697 
Uranium. E 19.10 0.689 
6 19.10 0.689 
Vanadium ES 6.10 0.220 
5 6.10 0.220 
Zin 2 713 0.258 








piece materials. To obtain maximum ге- 
moval rates, the grinding area should be as 
large as possible so that it will draw greater 
current. 

Feed rates vary with different parame- 
ters, depending on the grinding method. In 
plunge, or face, grinding (as described in the 
section "Methods" in this article), for ex- 
ample, the entire surface being ground is 
exposed to the face of the wheel. Conse- 
quently, the proper feed rate can be estim; 
ed from the material removal rate and the 
current density of the workpiece. For ex- 
ample, with a material removal rate of 1600 
mm'/min (0.1 in.*/min) per 1000 A and a 
current density of 1.2 A/mm? (800 A/in.?). 
the proper feed rate is about 1.9 mm/min 
(0.08 in./min). 

In surface grinding (as described in the 
section ** Methods" in this article) the area of 
the electrode gap is determined by the wheel 
diameter and the depth of cut. Consequent- 
ly, feed rates in electrochemical surface 
grinding depend on current density, material 
removal rate, depth of cut, and wheel diam- 
eter. Figure 2 shows some typical feed rates 
in electrochemical surface grinding. 

Generally, if the feed rate is too slow for 
a particular application, an overcut is pro- 
duced, resulting in poor surface finishes and 
tolerances. If the feed rate is too fast, ex- 
cessive wheel wear results. 








Surface Finish. Electrochemical grinding 
involves a chemical reaction with minimal 
mechanical abrasion. Therefore, the surface 
finish generated by electrochemical grind- 
ing depends on the metallurgical crystalline 
structure of the workpiece. The finer the 
crystalline structure, the finer the finish. 
Instead of generating a surface that has tool 
marks, the process generates a surface that 
has the topography of the crystalline struc- 
ture. To the naked eye it looks like a gray/ 
black matte finish. The color that is gener- 
ated is the color of the oxide finish on all but 
a few alloys that produce a bright surface. 

Surface roughness generally runs from 10 
to 40 ит (400 to 1600 pin.) depending on the 
material being machined. If a better finish is 
required, a finish pass is incorporated in the 
procedure. The finish pass is performed ata 
low voltage of 3 to 5 V and a relatively high 
feed rate of 250 to 500 mm/min (10 to 20 in./ 
min) or more. The surface metal is bur- 
nished, with the crests of the hills being 
pushed into the valleys of the crystalline 
structure, thereby generating a smoother 
finish. The use of electric current while 
performing this sparkout pass, even though 
it is at a low rate, is very effective in 
minimizing stress and pressure on the work- 
piece. The selection of the proper ECG 
wheel is important. Because the abrasive 
action of the wheel is the major portion of 
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Table 2 Current densities for 
various materials 








Material 





Cast iron cutting grade of 
[^5 D MN 

Steel cutting grade of carbide. . 

Low-carbon steels...» 

High-carbon steels 

Stainless steels.......- 

Stellite...... 

Udimet 500 


78-124 500-800 
.124-155 — 800-1000 
465-620 3000-4000 
.310-465 2000-3000 
465-620 3000-4000 
= 310-465 2000-3000 
465-620 3000-4000 





the process during a sparkout operation, the 
selection of the grit determines the end 
finish quality. Fine-grit wheels of 220 to 320 
grit (or grain) size have been successful, for 
example, for grinding surgical instruments 
and industrial knives. 

Accuracy of Electrochemical Grinding. 
The ability to hold close tolerances depends 
upon the current, electrolyte flow, feed 
rate, and metallurgy of the workpiece itself. 
The more reactive the workpiece is to the 
ECG decomposition, the more difficult it is 
to hold close toleran As a result, metals 
that are very reactive, such as alloys with 
high chromium content, require mild elec- 
trolytes that will not produce great amounts 
of overcut. In extreme conditions, the clec- 
trolyte has to be monitored for temperature, 
specific gravity, and conductivity on a reg- 
ular, automatic cycle. With normal ECG 
operations, tolerance expectations are gen- 
erally +0.025 mm (0.001 in.), and in well- 
controlled operations, they are +0.01 mm 
(*0.0005 in.). When extreme monitoring 
has been implemented, as described above, 
with the temperature of the electrolyte 
maintained within +0.6 °C (+1 °F) along 
with control of conductivity and specific 
gravity, companies have achieved toler- 
ance-holding capabilities of +0.0025 mm 
(+0.0001 in.). Such a case is definitely the 
exception and should not be expected with 
normal ECG operations, By using a spark- 
out pass, tolerance-holding capabilities are 
greatly enhanced. 

The selection of grit size, current flow, 
electrolyte, and electrolyte flow determine 
minimum corner radii. An inside corner of 
0.25 to 0.40 mm (0.010 to 0.015 in.) is 
normally accepted as the standard. This has 
been accomplished with 100-grit wheels. 
Finer-grit wheels produce sharper corners, 
but require more frequent wheel dressing 
because of more rapid wheel wear and form 
breakdown. As always, the material being 
machined has a major effect on any accura- 
cies achieved. External corners normally 
have a radius of approximately 0.1 to 0.2 
mm (0.005 to 0.008 in.). The radius can be 
reduced by taking the finish pass at a lower 
voltage. 

Workpieces With Dissimilar Materials. 
In electrochemical grinding of dissimilar 
materials such as carbides brazed to tool 
steel or parts that have been pressed togeth- 
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er, the selection of the proper voltage and 
the resultant current density are based on 
the ratio of the areas of the two materials. In 
surface grinding of carbide-tipped tools in 
which the wheel first grinds carbide and 
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then passes to steel, the power needed is 
calculated for the current density of steel, 
while the feed rate is based on the current 
density for the carbide. It is necessary to 
prevent overcut of the more reactive mate- 


Wheel 


Кыш 





Electrolyte 
supply 























Electrolyte 


tank, pump and 
e di mist 


йв | collector. 


H Workpiece 











fy O „Л (anode) 











|. —— Table 


== 








Trwgh 
Drain —3 





Fig. З A typical electrochemical grinding system 


rial at the point at which the two materials 
are in contact. This is especially noticeable 
in a material such as cast iron combined 
with carbides. Lowering the voltage some- 
times successfully corrects this problem. 

Oxygen and Hydrogen Generation. 
The chemical or oxidation process that 
takes place at the workpiece generates not 
only an oxide or hydroxide film that must be 
removed, but also minute amounts of oxy- 
gen. The reduction process at the wheel 
also releases minute amounts of hydrogen. 
The amount of oxygen and hydrogen re- 
leased in this process is negligible, and 
extensive testing has shown that because 
the hydrogen is generated at the (cathode) 
wheel, there is no hydrogen embrittlement 
of the workpiece (anode). When using sodi- 
um nitrate base electrolytes, another chem- 
ical (reduction reaction) change that may 
occur at the cathode is the formation of 
ammonia gas. 


Equipment 


Figure 3 illustrates a typical ECG system. 
The major components of the system are: 


* Electrolyte delivery and circulating sys- 
tem 

@ The electrolyte 

* The dc power supply 

* The grinding wheel 

* The ECG machine 

* The workpiece 





Supply of Electrolyte. In electrochemical 
grinding, the electrodes are not totally im- 
mersed, yet there must be an ample supply 
of electrolyte. Therefore, the system is de- 
signed to supply high volumes of electro- 
lytes. Even more critical is the application 
of electrolytes to the wheel and workpiece 
interface. 

Nozzles are used to ensure proper wetting 
action of the wheel. These nozzles wrap 
around the wheel and are designed to break 
the air layer that is normally found around a 
grinding wheel. By rubbing against the 
wheel, the nozzle creates a partial vacuum 
and causes the electrolyte to be sucked up, 
filling the cavities around the grit. The ro- 
tation of the wheel then carries the electro- 
lyte into the area of contact between the 
workpiece and the wheel, ensuring that 
sufficient electrolyte is present to permit the 
ECG process to proceed. The point at 
which the electrolyte is applied to the wheel 
should be as close as practicable to the area 
of machining so that the maximum possible 
amount of electrolyte is available at the 
point of contact between the wheel and the 
workpiece. 

Wheel speed is also critical. Excessive 
revolutions of the wheel create centrifugal 
forces that will throw the electrolyte from 
the wheel and starve the process. Flow 
control valves are required to ensure that 
proper amounts of electrolyte are available 
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for the process. In the past it was always 
assumed that the maximum amount of elec- 
trolyte was always best, but recent devel- 
opments have shown that the objective of 
the ECG process is not always maximum 
metal removal. There are times when mini- 
mum amounts of electrolyte are applied for 
high-quality high-tolerance work, for exam- 
ple, for sharp edges or for thermosensitive 
or fragile workpieces. 

Electrolytes devcloped for the ECG pro- 
cess resemble those used for the ECM 
process in that they are electrically conduc- 
tive aqueous solutions containing chiefly 
inorganic salts. Many of the chemicals used. 
in ECM electrolytes are also present in 
ECG electrolytes. However, the formula- 
tions for ECG are distinctly different. They 
are designed to enable faster formation of 
oxide films on the positively charged work- 
piece, whereas in ECM many electrolytes 
formed on the workpiece must dissolve at 
once in the electrolyte. Because the abrad- 
ing action of the ECG wheel is continuously 
exposing fresh metal, faster-forming oxide 
deposits in ECG protect surrounding metal 
from being decomposed. 

Electrolytes must be chosen for their 
intended applications and preferably should 
be formulated with additives to provide 
corrosion inhibition. When used in the ma- 
chining of ferrous, nickel, and cobalt alloys, 
it is also desirable that the formulation 
efficiently chelate these ions. Formulas can 
be developed for each application. Howev- 
er, with costs as an additional item of con- 
sideration, standardized electrolytes have 
been developed. 

A desirable ECG electrolyte should pro- 
vide high conductivity, high stock removal 
efficiency, passivation to limit stray cur- 
rents, good surface finishes, and corrosion 
inhibition. However, no single electrolyte 
provides all these properties for all metals. 
Sodium chloride, for example, provides 
high stock removal efficiency, but it does 
not provide the passivation protection of 
oxidizing electrolytes such as sodium ni- 
trate or sodium chlorate. Yet sodium nitrate 
and sodium chloride cannot efficiently ma- 
chine titanium. Neither can sodium chlo- 
ride, sodium chlorate, nor sodium nitrate 
machine tungsten. For tungsten, one must 
use alkaline electrolytes such as sodium 
carbonate or sodium hydroxide. Sodium 
chloride is also an extremely corrosive elec- 
trolyte and thus can be very damaging to the 
machinery or workpiece. 

The electrolyte salts used most often for 
the ECG process are sodium nitrate and 
potassium salts. Major components such as 
nitrites or alkaline sodium or potassium 
compounds (borate, carbonate, or phos- 
phate) reduce corrosive attack on the equip- 
ment. The selection of electrolytes also 
varies with the materials being machined. 
Specification of salts varies among suppli- 
ers. There is more than one source for 















electrolytes; each supplier has its own rea- 
sons for specifying particular salts. In most 
cases, a single salt is sufficient for the 
majority of metals being machined. It is 
only by exception that special electrolytes 
would be required. 

ECG Wheels. The abrasive grains on the 
ECG wheel serve three major purposes. 
First, they act to wipe the oxide from the 
workpiece, exposing new metal and allow- 
ing the process to continue. Second, the grit 
serves as a spacer to keep the conductive 
media in the wheel from making direct 
contact with the workpiece and generating a 
short circuit. Third, the cavities between 
the grit are filled with electrolyte, and the 
grit acts as a carrier bringing the electrolyte 
to the work area between the workpiece and 
the wheel, making the ECG process possi- 
ble. For this reason, as previously stated, it 
is very important that the nozzle position 
relative to the wheel and the workpiece be 
correct. The nozzle must ride against the 
wheel to break the air layer that normally 
surrounds a grinding wheel, thereby allow- 
ing the electrolyte to be absorbed into the 
cavities that exist around the grit. After the 
wheel is dressed, it must be conditioned to 
remove loose particles of metal and resin 
from around the grit and expose the cavi- 
ties. The conditioning is done by passing a 
conductive cable across the face of the 
wheel, allowing an ECG reaction between 
the cable and the wheel. 

ECG wheels are made of an abrasive 
material, a bonding agent, and a conductive 
medium. Most ECG wheels have aluminum 
oxide as the abrasive and contain copper- 
impregnated resins for conductivity. The 
particle size of the aluminum oxide ranges 
from 60 to 320 grit. Other abrasive materials 
used for ECG include silicon carbide and 
diamond, and recently some attempts have 
been made to use borazon. 

Wheels must be matched to the unique 
objective in each application. The diamond 
wheel, either metal bond or resin bond, is 
used for the grinding of carbides, heat- 
treated steels with a hardness of 60 to 65 
HRC or higher, and thin slots. Slots 0.35 
mm (0.014 in.) thick and 2.5 mm (0.100 in.) 
decp have been successfully machined. Di- 
amond grit used in electrochemical grinding 
should be blocky rather than sharp, because 
the purpose is to burnish the oxide residue 
from the workpiece, not to physically 
abrade the material. When grinding materi- 
als such as Stellite, it has been found that a 
60-grit wheel outperforms the 100-grit wheel 
by approximately 2:1. What actually hap- 
pens is that more abrasive metal removal is 
introduced into the process. 

The most common wheel is a resin bond, 
copper-impregnated, aluminum oxide grit 
wheel. Other wheels that can be found in 
service are metal bond diamond, resin bond 
diamond, diamond-plated, and silver- 
impregnated wheels. The copper-impreg- 
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nated wheels used for electrochemical 
grinding are easily formed, are homoge- 
neous construction, and have superior 
conductivity. They are ideal for form grind- 
ing because they can readily be dressed 
with single-point diamond dressers, dia- 
mond dressing blocks, or roll dressers. In 
most applications, because the physical 
abrasion of metal is minimal, the form- 
holding capability of the wheel is superior, 
with dressing in many applications required 
at 4h or even 8 h intervals. Form dressing is 
satisfactorily accomplished with sharp, 
chisel point diamond forms at 0.025 mm 
(0.001 in.) per pass at a cross feed from 300 
to 380 mm/min (12 to 15 in./min). 

New wheel formulations have allowed 
changes in the overall concept of ECG. It is 
now possible to increase feed rates and 
thereby increase the percentage of metal 
removed by abrasive action to generate 
higher production rates. Coarser or harder 
grits are used with the current applied as in 
traditional ECG grinding. The results are 
higher production with the retained benefits 
of burr-free and stress-free workpieces at a 
cost of greater wheel wear. 

The power supplies for ECG should be 
designed with the following characteristics: 











* The voltage should be continuously vari- 
able in the range of 0 to 15 V 

Once a specific voltage is set, the amper- 
age variation should automatically vary 
(the amount of variation depending on the 
contact area between the wheel and the 
work) in such a manner that the current 
density remains constant 

The current should have a minimum of 
ripple. Recent studies have shown that 
the climination of ripple is definitely ad- 
vantageous 


To determine the required current of an 
ECG operation, the average current density 
of the workpiece is multiplied by the area of 
the gap between the electrodes. ECG power 
supplies up to 3000 A are available, but 
power supplies greater than the 1000 A are 
seldom economical for electrochemical 
grinding. 

Voltage control up to 15 V is sufficient 
because sparkover occurs with most mate- 
rials when this voltage is exceeded. Vari- 
able voltage up to 20 to 25 V can be de- 
signed into power sources, but there is no 
application in the ECG process for which 
this would be required. Over the years of 
development and application it has been 
found that the constant current density con- 
trols are more efficient than other mecha- 
nisms. Typically the dc power cannot be 
started until the spindle and the electrolyte 
pump are running. By the same token, the 
feed rate motor control system cannot 
operate without power so the machine shuts 
down safely in the event of an overload. 
The wheel spindle must also be electrically 
insulated from the rest of the machine. 
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Fig. 4 Schematic diagram of а setup for electro 
e & chemical plunge grinding. Nonconductive 
abrasive grains separate the conductive body of the 
wheel from the workpiece and determine the thickness of 
the cutting gap, which is flooded with electrolyte during 
grinding. 


ECG machines are available with either 
vertical or horizontal spindles having out- 
er- and inner-diameter grinders. Motorized 
rotary fixtures allow the surface grinding 
of small cylindrical parts. Larger cylindri- 
cal parts should be ground with inner- or 
outer-diameter grinders. Table feeds 
should be designed so that there is no 
slip-stick effect on the table or slides when 
motion is slow. 


Methods 


Five different grinding methods can be 
performed with ECG equipment. The meth- 
ods are face grinding, surface grinding. in- 
ternal grinding, form grinding, and cylindri- 
cal grinding. 

Face, or plunge, grinding (Fig. 4) is a 
method in which the entire surface to be 
ground is fed against the face of the wheel. 





Area of side contact 


N 








To prevent uneven wheel wear from exces- 
sive truing of the wheel, either the work is 
oscillated across the face of the wheel, or 
the wheel is moved in an oscillating pattern. 
Oscillating the work is usually preferred. 

This method produces a better surface 
finish; the other methods produce a spiral 
pattern on the workpiece because of the 
reciprocating action of the wheel. Face 
grinding is also the fastest method. By €x- 
posing the entire surface to the wheel, the 
maximum current and metal removal rate 
can be obtained. When plunge grinding a 
cylindrical surface with a diameter larger 
than the wheel, it is generally more cconom- 
ical to plunge grind in steps with a final 
sparkout to attain the desired diameter. 

Surface grinding is performed by recip- 
rocating the workpiece under the wheel 
(Fig. 1). The primary difference between 
conventional and electrochemical surface 
grinding is that the depth of cut for each 
wheel pass is much deeper with electro- 
chemical grinding. The maximum depth of 
cut for a single ECG wheel pass is usually 
considered to be about 2.5 mm (0.100 in.). 
In surface grinding, the area of the electrode 
gap varies with wheel diameter and depth of 
cut (Fig. 5). Therefore, maximum current 
and material removal is achieved at the 
maximum depth of cut. Typical feed rates 
for surface electrochemical grinding are 
shown in 2. 

Internal grinding also can be performed 
with the ECG process. It is similar to conven- 
tional internal grinding. although the largest- 
diameter wheel possible is selected for maxi- 
mum current and material removal rates. 

Form grinding is performed with soft 
wheels that facilitate the production of a 
form. Because formed wheels are used, this 
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Calculation of contact area of wheel and workpiece for the surface electrochemical grinding of slots. R, 
radius; T, wheel thickness; F, down feed. Source: Ref 1 


is the most costly method. Once formed, 
however, subsequent dressings are per- 
formed much less frequently than with con- 
ventional form grinding. 

Cylindrical grinding is the slowest meth- 
od because of the limited contact area. 


Advantages and 
Disadvantages 


Table 3 compares electrochemical grind- 
ing with milling and conventional grinding 
for various workpiece materials. In general, 
ECG superiority increases with hardness or 
toughness of the material. Other advantages 
of ECG include: 





€ Absence of work hardening 

ө Elimination of grinding burn 

* Burr-free surfaces 

* Absence of distortion of thin, fragile, or 
thermosensitive parts 

Less wheel truing 

Surface finishes of 0.125 to 1.0 pm (5 to 
40 pin.) depending on material, wheel, 
and other variables 

Tolerances of +0.025 mm (+0.001 in.) 
under normal conditions and +0.0025 mm 
(0.0001 in.) under special conditions 

* Longer wheel life 


Disadvantages of electrochemical grind- 
ing are: 


ө Higher capital cost than for conventional 
machines 

е Use limited to electrically conductive 
workpieces 

© Corrosive nature of electrolytes 

* Required disposal and filtering of electro- 
lytes 

Noncompetitive removal rates compared 
to conventional methods for readily ma- 
chinable metals 


Applications 


The largest single use for electrochemical 
grinding today is the manufacturing and 
remanufacturing of turbine blades and 
vanes for aircraft turbine engines. The pro- 
cess is fast and very effective on these 
difficult-to-machine alloys, particularly for 
the machining of Stellite materials used in 
the remanufacturing of turbine components. 
The minimal wheel wear is a definite asset 
in form grinding. Other well-accepted appli- 
cations in the turbine engine industry in- 
clude the machining of honeycomb seals, 
for which burr-free and stress-free results 
are critical. 

Machines have been designed for burr- 
free and stress-free clectrolytic cutting of 
tubing. These machines have found exten- 
sive application in the specialty mill supply 
houses that provide stainless steel and more 
exotic materials cut to specific customer 
requirements. 
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Electrochemical Discharge Grinding 


ELECTROCHEMICAL DISCHARGE 
GRINDING (ECDG), sometimes referred 
to as ECDM grinding, is a combination of 
electrochemical grinding (ECG) and electri- 
cal discharge grinding (EDG), with some 
modification of each. The process resem- 
bles ECG in the electrochemical formation 
of oxides on a positively charged workpiece 
(anode); however, it employs alternating 
current or pulsing direct current and does 
not use an abrasive-coated wheel. It resem- 
bles EDG in the use of a graphite wheel that 
does no mechanical grinding and in the use 
of intermittent spark discharges to remove 
material from the workpiece surface, but 
differs from EDG in using a highly conduc- 
tive electrolyte instead of a dielectric fluid 
and in using low-voltage, pulsating direct 
current. Like ECG, electrochemical dis- 
charge grinding is most useful for grinding 
carbide tools, hardened tool steel, nickel- 
base alloys, and parts that are fragile or 
sensitive to heat. 


Equipment 


Figure | shows a setup for ECDG using a 
solid bonded graphite wheel. An enlarged 
sectional view of the grinding interface is 
also shown. The wheel is made of graphite 
and a bonding agent; most commercial 
grades with particle size of 300 mesh or 
finer are satisfactory. Like an EDG wheel, 
it contains no abrasive: dressing gives it a 
finish of about 6.4 um (25 pin.) or less, 
usually producing the final contour in a 
single pass. 

The spindle is electrically insulated to 
isolate the electrical circuit. Versatile table 
positioning and feed mechanisms are pro- 
vided. In sharpening single-point tools, the 
workpiece (such as a disposable carbide 
insert) is held against a flat surface of the 
graphite wheel. In profile grinding, the 
workpiece passes over the periphery of a 
preformed graphite wheel. 

The equipment includes an electrolyte 
mist collector as well as a supply tank in 
which the electrolyte is stored and to which 
used electrolyte is returned. The electrolyte 
is pumped through a filter before flowing 
again onto the work and the wheel. Acces- 
sories may include equipment for forming, 
trueing, and dressing the wheel without 
removing it from the machine. Formed plas- 
tic or graphite scrapers are used during 
profile grinding to provide a uniform distri- 
bution of electrolyte. 


bution of electrolyte. 
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Fig. 1 Schematic of setup for ECDG. The power 
J- 1 source provides either on oc output at 60 Hz 
оғ a puking de output at 120 Hz (see text). The 
workpiece is positively charged (anode) when direct 
current is used. 





Single-point grinders for sharpening 
carbide tools have a self-contained 200 A, 
12 V, 60 Hz ac power source. Commercial 
ECDG units for profile grinding and surface 
grinding are equipped with dual power 
sources to provide either an ac output like 
that of the single-point grinder or a pulsing 
dc output of 200 A or more at 4 to 12 V and 
120 Hz. At a given rate of power consump- 
tion, metal removal on steel and most other 
metals is greater for pulsing direct current 
than for alternating current. However, al- 
ternating current must be used in grinding 
carbide. 

Electrolytes. As with ECG, the electro- 
lytes used for ECDG are conductive liquids 
(dilute aqueous solutions of inorganic salts). 
A solution containing 110 g/L (14 oz/gal.) of 
КМО, plus 55 g/L (7 oz/gal.) of Na,CO, 
(anhydrous) is a general-purpose electrolyte 
suitable for the grinding of carbide and most 
metals; the Na CO; can be omitted except 
for carbide. The concentration of the solu- 
tion is usually maintained at about 0.18 to 
0.24 kg/L (172 to 2 Ib/gal.) (specific gravity 
of 1.11 to 1.15). 


Process Characteristics 


The mechanism of ECDG can be under- 
stood in relation to the ECM, ECG, and 
EDG processes. In the EDG process, metal 
removal takes place entirely by high-voltage 
spark discharges through a dielectric fluid, 


spark discharges through a dielectric fluid, 


while anodic oxidation in a conductive elec- 
trolyte is the primary mechanism for metal 
removal in ECM, ECG, and ECDG. In 
these three electrochemi processes 
work metal can continue to dissolve ano 
cally at a practical rate only if any continu- 
ous and adherent oxide films that are 
formed electrochemically on the surface of 
the work are continuously removed at a 
sufficiently rapid rate. 

Both ECM and ECG make use of low- 
voltage, high-amperage direct current to 
dissolve metal from the workpiece. In 
ECM, electrolyte composition and current 
density are regulated so that no interfering 
adherent oxide films are produced. Any 
oxide films that form dissolve chemically in 
the electrolyte as rapidly as they are 
formed. In ECG, the mechanical abrading 
action of the protruding surface grains of 
abrasive on the wheel removes interfering 
films and nonreacting particles, thus expos- 
ing fresh metal for the electrochemical re- 
action. 

In ECDG, metal is removed by first trans- 
forming it into a continuous, adherent, 
poorly conductive oxide film about 0.25 to 
1.25 рт (10 to 50 pin.) thick. When alter- 
nating current is used, the oxide film builds 
up during a positive current pulse (work- 
piece positively charged), and it is removed 
at discharge sites when the breakdown volt- 
age of the film is exceeded during the fol- 
lowing negative pulse. The cycle is then 
repeated. When pulsing direct current is 
used, the oxide film builds up during the 
low-voltage portion of a pulse, and it is 
removed at discharge sites when the break- 
down voltage of the film is exceeded. Over 
a period of a few seconds, discharge sites 
are randomly distributed in the cutting area. 

Depending on its energy level, an individ- 
ual spark can remove a small amount of 
metal (as well as the oxide film) from the 
work, leaving a small crater in the surface. 
However, cratering is not observed on the 
workpiece under normal operating condi- 
tions. Cratering occurs at spark sites on the 
graphite wheel and is a source of wheel 
wear. 

Current density is usually controlled by a 
voltage adjustment on the current source. 
Current density can also be regulated by 
adjusting the gap distance. On a tool grind- 
er, this is done by changing the spring 
loading that holds the workpiece against the 
wheel; on a profile grinder, the fced rate is 
changed. The relationship between pressure 





changed. The relationship between pressure 
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and gap at two gap voltages is shown in Fig. 
2. A greater pressure (for a given wheel 
speed and electrolyte flow rate) is required 
at higher voltage to maintain the gap be- 
cause of increased gassing. Wheel speed 
and electrolyte flow also affect gassing. 
Workpiece pressure is held between 35 to 
140 kPa (5 and 20 psi) to maintain gap 
distance between 0.0125 and 0.030 mm 
(0.0005 and 0.0012 in. 

Total current in typical ECDG applica- 
tions is 200 to 2000 A at a potential of 4 to 12 
V. Metal could be removed more rapidly by 
increasing the current, but current density 
when using alternating current is restricted 
to about 0.9 A/mm? (600 A/in.?) for carbides 
and to about 1.2 A/mm? (800 A/in.") for 
other metals. When a pulsing dc source is 
employed, a current density of about 1.9 A/ 
mm? (1200 A/in.?) can be used in grinding 
steel. Intermediate current densities are 
used for other metals. Heat damage on the 
work and wheel wear are greater at high 
current density. 

Wheel speed for most applications is 
between 1200 to 1800 m/min (4000 and 6000 
sfm) Lower speed does not permit the 
flushing of fresh electrolyte through the 
grinding gap at a rate sufficient to maintain 
the electrolyte composition in the gap. 
Lower speed also increases the electrical 
resistance across the gap by permitting the 
formation of larger gas bubbles in the gap. 
The maximum operational current density 
decreases steeply for wheel speeds below 
about 600 m/min (2000 sfm). 

Wear ratio is the volume of metal re- 
moved from the workpiece divided by the 
volume of graphite worn from the wheel, 
and it is affected by gap voltage, as shown 
in Fig. 3. Operation at a gap voltage of 
about 8 V gives maximum wheel life or wear 
ratio. Below about 4 V, wheel wear by 
mechanical abrasion increases, and above 
about 12 V, cratering of the wheel surface 
results from high-energy spark discharges. 
In either situation, wheel wear is excessive. 
When using alternating current on carbides 
or on tool steel, the wear ratio is about 7:1: 
when using direct current on other ferrous 
workpieces, the wear ratio is about 40:1. 
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Fig. З Effect of gop voltage on wear ratio in ECDG. 
Table feed rates are tabulated below for 


typical operations at a current density of 0.8 
to 0.9 A/mm? (500 to 600 A/in.?): 








Plunge grinding — Surface grindingia) 





Work metal mmmin inmin mm/min in./min 
Carbide.. 05 000 38 015 
Steel... -LS 0060 127 0.50 








(a) For 2.5 mm (0.10 in.) depth of cut: 200 mm (8 in.) diam wheel 





Typical metal removal rates are 100 mm*/ 
min (0.006 in.'/min) for carbide and 250 
mm/min (0.015 in."/min) for steel, at a 
machining current of 200 A. Typical depth 
of cut in a single pass is about 6.4 mm (М 
in.). 

Accuracy and Finish. Dimensional accu- 
гасу of 20.0125 mm (+0.0005 in.) can be 
obtained under carefully controlled condi- 
tions in plunge or surface grinding. Similar 
tolerances can be met in profile grinding by 
using auxiliary plastic or graphite scrapers 
to control the distribution of the electrolyte 
on the wheel surface. The accuracy ob- 
tained in ordinary production operations is 
+0.025 mm (+0.001 in.). Typical surfa 
roughness values are 0.125 to 0.375 um (5 
to 15 pin.) for carbide and 0.375 to 0.75 ат 
(15 to 30 pin.) for steel. 

Wheel Maintenance. Flat surfaces of a 
graphite wheel can be dressed with a single- 
point carbide or high-speed steel tool on the 
grinder. Frequent dressing of the wheel is 
unnecessary; good results can be obtained 
even with a wheel surface that shows 
scratches or gouges. Wheel life depends 
mainly on the grade of graphite, operating 
voltage, and type of power supply. 

For profile or form grinding, the wheel 
can be formed in place on the grinder by 
plunge cutting with a high-speed steel mas- 
ter. While in use, the wheel can be dressed 
in the same manner when necessary. 

Profile Grinding. The accuracy with 
which ECDG profile grinding reproduces 
the dimensions of the master is primarily 
limited by the uniformity of electrolyte film 
thickness on the formed wheel at the grind- 
ing interface. Figure 4 illustrates the non- 
uniform pattern of electrolyte distribution 
obtained at the grinding interface of a rotat- 
ing formed wheel unless auxiliary devices 
such as scrapers are provided to distribute 











Fig. 4 Neonuniform electrolyte film thickness on the 
J- ^ surface of a rotating graphite ECDG wheel. 
The shaded areas show the variation of film thickness for 
various wheel shapes. 





i Use of a plastic film scraper to equalize the 
Fig. 5 ditribution of electrolyte on the graphite 
wheel in profile grinding by ECDG 


the liquid more uniformly over the contours 
of the wheel. 

For the profile grinding of single-point 
tools that do not have flat vertical or hori- 
zontal surfaces, a flat piece of 0.15 mm 
(0.006 in.) thick fluorocarbon plastic sheet 
is held against the wheel peak, as shown in 
Fig. 5. This plastic sheet scrapes off exces- 
sive accumulation of electrolyte at the 
wheel peak. 

For grinding multiple-contour profiles 
that do not have flat vertical or horizontal 
surfaces (such as chaser tools), conforming 
graphite scrapers about 9.5 mm (3/8 in.) 
thick are held against the wheel at a pres- 
sure of about 70 kPa (10 psi). The graphite 
scrapers are formed on the profile grinding 
machine in a normal ECDG operation, us- 
ing pulsing direct current (0.3 to 0.7 A/mm?, 
or 200 to 450 A/in.?) and a workpiece pres- 
sure of 0.03 to 0.05 MPa (4 to 7 psi) (gap 
spacing of 0.0125 to 0.0375 mm, or 0.0005 to 
0.0015 in.). At the pressures and current 
densities used, wear on the wheel is negli- 
gible because the gassing and the electrolyte 
fluid pressure almost completely eliminate 
direct physical contact between the work- 
piece and the wheel. 

For grinding complex profiles that have 
both curved contours and flat vertical or 
horizontal surfaces, compressed air is in- 
jected through a hollow conforming graph- 
ite scraper to control the electrolyte distri- 
bution, particularly on the flat vertical or 
horizontal surfaces. Optimum machining 
accuracy is obtained by using a scraper 
pressure of about 100 to 200 kPa (15 to 30 
psi) while feeding air at a pressure of about 
300 to 400 kPa (40 to 60 psi) through a 2 mm 
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(0.08 in.) wide slot extending across the 
scraper. Under these conditions, the dis- 
tance between the scraper and the wheel is 
about 0.05 to 0.2 mm (0.002 to 0.007 in.). 
In a well-controlled operation that makes 
use of scrapers, dimensional deviation from 
the wheel-forming master averages less 
than 20.0125 mm (50.0005 in.). 
Comparison with EDG and ECG. The 
ECDG process has the same general range 
of applications as EDG and ECG and shows 
the same advantages in grinding materials 
and shapes that present problems in con- 
ventional grinding with abrasive wheels. 
Electrochemical discharge grinding requires 
10 to 15 times as much current as EDG to 
remove metal at the same rate, but ECDG 
has much higher metal removal capabi 
and produces smooth surfaces at much fi 
er metal removal rates, as shown below: 














Removal. 
Finish mm x 10h (in. hy 
Work metal wmipim) EDG ECDG (и) 
Tool steel... 0.75 B0) 0:3 (0.02) 6 (0.4) 
Carbide ,.........0.28 00) 0.07 (0.004) 15 (0.9) 


(а) Current of 200 А and а depth of cut of 13 mm (0.5 in.) 





nal Machining Processes 


However, dimensional accuracy is lower 
for ECDG than for EDG: 











ECG 

Close control. mm (in.). 30.0125 
0.0001) (50.0005) 

Routine production, mm tin. *0.025 








Electrochemical discharge grinding has 
the advantage over ECG of using much less 
expensive wheels than the specially manu- 
factured abrasive-coated wheels require 
for ECG. However, electrochemical grind- 
ing does have a much higher metal removal 
rate than ECDG. Electrochemical grinding 
also leaves a metallurgically clean surface, 
whereas electrochemical discharge grinding 
leaves a recast layer. 

The ECDG graphite wheels are readily 
formed to intricate shapes and dressed while 
in place on the grinder, and they have long 
life. A single cup-type ECDG wheel can bc 
used to grind more than 35 000 disposable 
carbide inserts to a depth of 0.25 mm (0.010 





in.). Furthermore, it is necessary to stock 
wheels of only one material, instead of the 
several different types needed for a range of 
applications in ECG. Because ECDG uses а 
lower pressure of workpiece against wheel, 
it can do more delicate operations in grinding 
stress-free, burr-free surfaces on honeycomb 
and other fragile structures that are difficult 
to grind by other methods. 

Applications. Single-point carbide dis- 
posable inserts have been ground (о a depth 
of 0.25 mm (0.010 in.) with a surface finish 
of 0.375 to 0.635 рт (15 to 25 ріп.) at a rate 
of one insert per minute. In a typical profile 
grinding operation, three C-5 carbide chaser 
tools were machined at the same time, 
removing 2.5 mm (0.1 in.) of metal in a 
single pass in 15 min (plus 8 min for forming 
a graphite scraper). Mean thread height 
deviation from master dimensions was 
+0.0075 mm (+0.0003 in.), and pitch devi- 
ation was half this amount. Using air injec- 
tion, brazed C-6 carbide dovetail form tools 
were ground to an average depth of 8 mm 
(0.3 in.) over a 20 mm (0.8 in.) length in 37 
min per piece (plus 25 min for forming the 
scraper). 
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ELECTROSTREAM DRILLING (ES) 
AND CAPILLARY DRILLING (CD) are 
electrochemical machining processes that 
were developed by General Electric and 
Rolls Royce, respectively, for drilling holes 
that are too deep to be drilled by electrical 
discharge machining and too small to be 
drilled by shaped tube electrolytic machin- 
ing. Electrostream and capillary drilling 
both cover the same general size range and 
are similar in that they both use glass tube 
cathodes and acid electrolytes, but there are 
distinct differences in the process and in the 
equipment. Both processes differ from 
shaped tube electrolytic machining in that 
they use glass tubes for cathodes instead of 
coated titanium tubes. The ES and CD 
processes also do not require periodic volt- 
age reversals. 

Applications for ES and CD include: 





* Drilling small rows of cooling holes in gas 
turbine blades and vanes 

* Drilling wire electrical discharge machin- 
ing (EDM) start holes less than 0.5 mm 
(0.020 in.) in diameter 

* Any application where higher-strength 
materials have to be substituted to im- 
prove quality, performance, reliability, 
and weight and machinability is a prob- 
lem 





Feed rates for ES and CD typically range 
from 0.75 to 2.5 mm/min (0.030 to 0.100 in./ 
min). Feed rates depend on the material 
being drilled, but not on the number of holes 
being drilled simultaneously. 

Normal hole sizes and depths are: 


* 0.15 mm (0.006 in.) in diameter to a depth 
of 6 mm (0.250 in.) to 0.5 mm (0.020 in.) in 
diameter to a depth of 25 mm (1.000 in.) 
for ES 

* 0.25 mm (0.010 in.) in diameter to a depth 
of 12 mm (0.500 in.) to 0.5 mm (0.020 in.) 
in diameter to a depth of 25 mm (1.000 in.) 
for CD 


Normal hole size tolerances for ES and 
CD are: 


© 025 mm (0.010 in.) in diameter, +0.025 
mm (0.001 in.) 
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° 0.5 mm (0.020 in.) in diameter, +0.05 mm 
(50.002 іп.) 


These tolerances can be halved by special 
process control and with very pure metals. 
The normal hole depth tolerance, where 
applicable, is +0.05 mm (0.002 in.). 

Normal hole wander is negligible unless 
the cathode hits an impurity in the material 
being drilled; this can result in either cath- 
ode breakage or cathode deflection. Hole 
wander of 0.002 mm/mm (0.002 in./in.) is 
possible. 

Competitive Processes. Electrical dis- 
charge machining is usually much slower 
than the electrolytic processes and general- 
ly is not capable of drilling to such depths. 
The EDM process can be used to drill deep 
holes, but the electrode wear rate makes the 
electrode cost prohibitive. 

In addition, electrical discharge machin- 
ing is less effective if there is not sufficient 
space behind the exit of the hole to enable 
the electrodes to proceed past the exit until 
the unworn electrode makes a parallel-sided 
hole all the way through. The EDM process 
also produces a recast layer, which may not 
be acceptable. 

Conventional drilling can produce much 
smaller holes, but the depth-to-diameter ra- 
tio obtainable is much less than that possi- 
ble with the electrolytic processes. In addi- 
tion, machinability becomes a major factor. 
Hole diameter tolerance is usually better 
with conventionally machined holes. 

Limitations and Advantages. Electro- 
stream and capillary drilling can be used 
only on corrosion-resistant metals (stainless 
steels and cobalt- and nickel-base turbine 
engine alloys) and electrically conductive 
workpieces. Generally, the CD and ES pro- 
cesses cannot drill commercially pure tita- 
nium and refractory metals. Other limita- 
tions include the following: 








© The process is slow when drilling single 
holes 

* Problems can result when the hole breaks 
through the bottom of the part 

* The handling of acid requires special 
workplace and environmental precau- 
tions 

* A hazardous waste is generated 

* Oblique entry is difficult 





Additional limitations relating to ES are 
the following. High voltage requires addi- 
tional precautions and a more complex elec- 
trolyte system, and the tube geometry limits 
the minimum spacing between holes. For 
CD, cathode arrays are more complex. 

The advantages of CD and ES drilling 
include the following: 


© The hardness (machinability) of the metal 
is not a consideration 

* Depth-to-diameter ratios are very high 

* Large numbers of holes can be drilled 
simultaneously 

* Blind and intersecting holes can be drilled 

* No recast layer or metallurgical defects 
are produced 

* Powder metallurgy alloys can be ma- 
chined 

е A parallel-sided hole can be drilled with- 
out the need for clearance beyond the 
hole exit (as in EDM) 

* No burrs are produced 


An additional advantage of ES is that 
smaller holes can be drilled than when using 
CD. However, CD is a simpler machine 
system and process; there are also no hole 
spacing limitations using CD. 


Equipment and Tooling 


Electrostream drilling is a high-voltage 
process in which a voltage is applied be- 
tween the workpiece and an acid electrolyte 
that flows through a manifold and nozzle- 
shaped glass tubes (Fig. 1). The voltage, 
which must range from 600 to 900 V, drives 
a current through an electrolyte column 
measuring 50 to 100 mm (2 to 4 in.). 

Electrostream drilling also requires an ex- 
tra tank in the electrolyte system. The acid is 
pumped from one tank and, after traveling 
through the machine, overflows into a sepa- 
rate tank, which is electrically insulated from 
the first. Thus, current is prevented from 
making complete circuits around the system. 
The disadvantage is that periodically one tank 
must be emptied and the other refilled. 

The machine used with ES is also neces- 
sarily much more elaborately grounded and 
guarded to prevent 600 V mishaps. 

Capillary drilling uses an array of shorter 
glass tubes with straight sides (instead of the 
nozzle shape of the ES tubes). In each one of 
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Fig. 1 schematic of material removal by electrostream drilling 


the tubes is a small platinum wire, which is 
inserted down to approximately 1 mm (0.040 
in.) from the cutting tip (all the wires in an 
array must be the same distance from the 
tips). This requires a lower voltage (70 to 150 
V), and some of the safeguards needed with 
electrostream drilling are not necessary. 

Electrostream and capillary drilling 
machines have one feed axis capable of 
producing constant feed rates between 25 
and 0.125 mm/min (1 and 0.005 in./min) as 
well as a jogging movement. Multiaxis ma- 
chines are also available; these units allow 
rotation of the part or allow an array of 
tubes to be indexed across the part. The use 
of computer numerical control enables feed 
rates and voltages to be programmed. The 
control can also monitor process variables. 
Electrostream and capillary drilling ma- 
chines must have an interlocked enclosure 
and a vent to remove the hydrogen pro- 
duced by the electrolytic process and must 
be well grounded to prevent accidents. 

Power Supplies. The power supply for 
ES is typically a 900 V, 25 A unit (full-wave 
rectified). It can be designed to have a 
multichannel output if required, each chan- 
nel feeding a separate manifold. For CD, a 
150 V, 25 A unit is required; multichannel 
output may also be required. 

The Electrolyte System. For ES, a dou- 
ble-electrolyte system is used (see the dis- 
cussion of electrostream drilling above). 
The pumping is often achieved by air pres- 
sure in a pressure vessel. This avoids the 
need for a pump and metal parts, which 








could be adversely affected by the high 
operating voltage. 

For a CD system, it is usually sufficient to 
have two tanks separated by a few feet of 
high-pressure piping. The acid is pumped 
from one tank to the machine, and it drains 
into the other. This acid then overflows 
back to the supply tank. 

The electrolyte system must be environ- 
mentally secure, and local and federal reg- 
ulations must be considered and complied 
with. A line break in the electrolyte system 
pipework can cause acid to be jetted out 
under pressure. The system, which should 
be grounded and guarded against such acci- 
dents, must include: 


© A pump 
* Filters (final filter: 0.5 рт) 

Heat exchanger 
* Temperature controller: +1 °C (+2 °F) 
© Acid-mixing facility 
ө Waste acid storage facility 

In addition, electrolyte concentration and 
metal contamination monitoring devices are 
desirable but not essential. However, it is 
necessary to have the means at hand to 
measure acid concentration. Metal contam- 
ination should be determined based on the 
volume of metal removed by drilling so that 
acid can be discarded at a predetermined 
point. The maximum limit of metal contam- 
ination is about 3 g/L (0.4 oz/gal.), depend- 
ing on the metal being drilled. 

Part holding fixtures should be made of 
commercially pure titanium. They can have 
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carbide locating points, but these will have 
to be replaced regularly. И must be remem- 
bered that the tool has to transfer current 
into the part and that any restrictions rela- 
tive to this must be complied with. 

Cathode holders are built so that the 
cathodes are parallel to the feed axis of the 
machine (unless a multiaxis machine tool is 
being used). Many stations are often placed 
in one machine; each station will be used to 
drill all or some of the holes, depending on 
the hole spacing and the minimum possible 
tube spacing. If the glass tubes cannot be 
held close enough together to drill all the 
holes simultaneously in one piece, the 
workpieces will be passed through each 
station until all the holes are drilled. 

Cathode Tubes. The ES cathodes con- 
sist of nozzle-shaped glass tubes 3 or 6 mm 
(% or М іп.) in diameter, with the front 
drawn down to the necessary cutting tube 
size of 0.5 to 0.15 mm (0.020 to 0.006 in.). 
The length of this small-diameter section of 
the tube is that needed to drill the hole 
depth. The tubes in one setup should all be 
the same overall length, 75 to 100 mm (3 to 
in.). Because the tubes are held on the 
larger diameter, the concentricity of the two 
diameters is critical. For CD, short, straight 
glass tubes of the correct drilling size are 
also used. 

The importance of accurate tubes cannot 
be overemphasized. The tips must all be 
lapped flat, with no chips or cracks. The 
diameters and lengths must be identical, and 
the concentricity of the outside and inside 
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diameters is critical. The inside diameter must 
be kept free of obstructions at all times. 


Process Parameters 


Electrolytes for electrostream and capil- 
lary drilling are solutions of sulfuric, nitric, 
or hydrochloric acid with a concentration of 
15 to 20 wt% water. The electrolyte temper- 
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ature is 40 °C (100 °F) for sulfuric acid and is 
20 °C (70 °F) for the others. The electrolyte 
pressure is 275 to 400 kPa (40 to 60 psig). 
The maximum limit of metal contamination 
is about 3 g/L (0.4 oz/gal.), depending on the 
metal being drilled. A minimum metal con- 
tamination of about 0.5 g/L (0.07 oz/eal.) is 
also desired because some contamination 
enhances the process. 


Additional key process parameters for ES 
and CD include: 


* Voltage: 600 to 900 V for ES; 70 to 150 V 
for CD 

е Electrolyte pressure: 275 to 400 kPa (40 to 
60 psig) 

© Feed rate: 0.75 to 3.0 mm/min (0.030 to 
0.100 in./min) 


Shaped Tube Electrolytic Machining 


SHAPED TUBE ELECTROLYTIC MA- 
CHINING (STEM) was originally devel- 
oped and refined by General Electric Air- 
craft Engine Group for drilling holes with 
large depth-to-diameter ratios, which could 
not be drilled conventionally. Initially, such 
holes had been attempted by electrochemi- 
cal machining (ECM), but the normal ECM 
process produces insoluble precipitates that 
inhibit the process by obstructing the flow 
path of the electrolyte. Essentially, the 
STEM process is a modified ECM process 
that uses an acid electrolyte so that the 
removed metal goes into solution instead of 
forming a precipitate. 

Because the process uses an acid electro- 
lyte, its use is generally limited to drilling 
holes in stainless steel or other corrosion- 
resistant metals. In parts designed for jet 
engines and gas turbines, some specific 
applications of the STEM process include 
the machining of: 


ө Turbine blade cooling holes 

* Turbine vane cooling holes 

* Turbine disk cooling passages 

* Oil passages 

* Fuel nozzles 

* Any holes where electrical discharge ma- 
chining (EDM) recast is not allowable 


Other applications of the STEM process 
include: 


* Starting holes for wire EDM cuts, espe- 
cially where the length of cut exceeds 100 
mm (4 in.) 

* Drilling regular arrays of holes in corro- 
sion-resistant metals of low machinability 
(for example, strainers and dies) 

* Drilling oil passages in bearings in which 
EDM will cause cracks 

* Many applications in general industry 
where higher-strength materials are used 
or where machinability is a problem 


Process Capabilities 


Feed Rates. The STEM process has a 
feed rate of 0.75 to 3 mm/min (0.030 to 0.120 
in./min), depending on the material being 
drilled but regardless of the number of holes 
being drilled at once. 

Normal hole sizes and depths arc 0.50 
mm (0.020 in.) in diameter up to a depth of 
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75 mm (3 in.), and 6 mm (0.250 in.) in 
diameter up to a depth of 900 mm (36 in.). 
Normal hole size tolerances are: 


© 0.5 mm (0.020 in.) in diameter, +0.05 mm 
(3:0.002 in.) 

© 1.5 mm (0.060 in.) in diameter, 0.075 
mm (0.003 in.) 

* 6 mm (0.250 in.) in diameter, +0.10 mm 
(50.004 in.) 


These tolerances can be halved by special 
process control and with very pure metals. 

The normal hole depth tolerance, where 
applicable, is +0.05 mm (+0.002 in.), 
regardless of hole size (although larger 
holes have à cusp in the bottom of the hole). 

Normal hole wander is 0.001 mm/mm 
(0.001 in./in.) of depth for holes 0.5 mm (0.020 
in.) in diameter, and 0.003 mm/mm (0.003 in./ 
in.) of depth for holes 6 mm (0.250 in.) in 
diameter. Again, these values can be halved 
through the use of special process control and 
very pure metals. 

Competitive Processes. Shaped tube 
electrolytic machining competes with the 
following processes: 


* Gun drilling: Limited to 1.9 mm (0.076 
in.) minimum diameter in easier-to-ma- 
chine metals. It is possible to drill non- 
stainless metals with closer tolerances, 
but usually only a small number of paral- 
lel holes can be drilled at once 

* Conventional drilling: Limited depth-to- 
diameter ratio 

© Electrical discharge machining: Limited 
depth-to-diameter ratio, blind holes can- 
not be drilled easily, and a recast layer is 
formed 


Shaped tube electrolytic machining can of- 
ten compete with gun drilling because, al- 
though essentially a slow process, it is pos- 
sible to drill many (up to 200) holes at once. 
These holes need not be parallel and can 
have axial directions of up to 20° from the 
machine motion axis. 

Limitations and Advantages. The limi- 
tations of shaped tube electrolytic machin- 
ing include the following: 


* The process can be used only on corro- 
sion-resistant metals and generally can- 
not drill commercially pure titanium and 
refractory metals 


* A complex machining and tooling system 
is required 

* The process is slow when single holes are 
being drilled 

* Problems can result when the hole breaks 
through the bottom of the part 

ө The handling of acid requires special 
workplace and environmental precau- 
tions 

© A hazardous waste is generated 

* Oblique entry is difficult 


The advantages of the STEM process are 
as follows: 


* The hardness (machinability) of the metal 
is not a consideration 

* Depth-to-diameter ratios are very high 
(up to 300) 

* Large numbers of holes can be drilled 
simultaneously 

* Nonparallel holes can be drilled simulta- 
neously 

* Blind holes can be drilled 

* No recast layer or metallurgical defects 
are produced 

@ The system can be operated unattended 

~ Powder metallurgy alloys can be ma- 
chined 

@ Shaped holes (limited) can be drilled 

* Curved holes (limited) can be drilled 

* Slots (limited) can be drilled 


Equipment 

Figure 1 illustrates the basic components 
of a STEM system. Shaped tube electrolytic 
machining is similar to ECM systems in that 
a low-voltage dc power supply creates elec- 
trolytic action between the anode (the 
workpiece) and cathode (the tool); howev- 
er, the STEM system also has some differ- 
ences: 





* It must be acid resistant 
* Less rigidity is required 
* The power supply must periodically re- 
verse polarity because the acid electro- 
lyte increases the tendency for the cath- 
odes to become plated with workpiece 
material 
The basic STEM machine is like an ECM 
machine and has one feed axis capable of 
constant feed rates from 25 to 0.125 mm/min 
(1 to 0.005 in./min) as well as a jogging 
movement. However, multiaxis ECM/ 










Pressure 
control 






Control 
console 





dc 
power 
supply 


Electrolyte 
supply tank 


exchanger 


Electrolyte 
manifold 


Shaped Tube Electrolytic Machining /555 















Feed 
mechanism 


Insulated 
conducting 
tubes 










electrode 
(cathode) несой 
through Flow of metal 
Flow of metal stem ions from 
electrode hole 


7. hol 


Workpiece 


Fig. V schematic of the shaped tube electrolytic machining process 


STEM machines are also used for specific 
applications. The use of computer numeri- 
cal control enables variable feed rates to be 
programmed, and the computer control can 
also regulate the process parameters. Pro- 
cess feed rates are typically 0.75 to 3.0 mm/ 
min (0.03 to 0.12 in./min). 

Although it is an unusual practice, it is 
sometimes recommended to electrically in- 
sulate the worktable, where the workpieces 
are mounted, from the rest of the machine 
frame. This prevents corrosion damage to 
any metallic parts in contact with the elec- 
trolyte during the application of voltage. 

The power supply for the STEM system 
has a voltage output of up to 20 V, and the 
polarity reverses every 5 to 10 s. The duration 
of the polarity reversal is controlled to vary 
from 75 to 250 ms. The reverse voltage can 
vary from 0.1 to 1 times the forward voltage, 
which is typically 8 to 14 V. 

Power supplies for shaped tube electro- 
lytic machining are capable of carrying a 
current of up to 600 A at forward polarity 
and 50 A at reversed polarity. Power sup- 
plies can be air cooled or water cooled, and 
normal three-phase full-wave rectification is 
sufficient. 

Electrolyte systems for shaped tube elec- 
trolytic machining include the following: 


* A pump capable of producing the re- 
quired flow at pressures up to 550 kPa (80 
psi) (the amount of flow depends on the 
application) 

* Filters (final filter: 1 шт) 


@ Heat exchanger 

* Temperature control: +1 °C (+2 °F) 
* Acid mixing facility 

ө Waste acid storage facility 


The STEM machine must also have an 
enclosure that will prevent splashing of the 
electrolyte and a vent system able to re- 
move the hydrogen produced by the elec- 
trolytic process. In addition, electrolyte 
concentration and metal contamination 
monitoring devices are desirable but not 
essential. However, it is necessary to have 
the means at hand to measure acid concen- 
tration. Metal contamination can be deter- 
mined based on the volume of metal re- 
moved so that the acid can be discarded at a 
predetermined point. 

In multiple-hole drilling of holes with 
different diameters, it may be necessary to 
prevent acid starvation in the smaller-diam- 
eter holes. This can be achieved by using 
multiple electrolyte manifolds and closed- 
loop control of electrolytic pressure and 
flow. 

Tooling is the most critical part of the 
STEM process, and it must be correctly 
designed to obtain optimum results. Tool- 
ing for the STEM system consists of four 
parts: 


* Part holding fixture: Same as a conven- 
tional tool 

© Guide for cathodes: Analogous to a drill 
bushing 

* Cathodes: Analogous to a drill 
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e Cathode holder/manifold: Similar to the 
collet in a gun drill 


In general, the part holding fixtures and the 
cathode guides should be made entirely of 
commercially pure titanium, which forms 
an anodic layer that protects it from the 
acid. The cathodes are insulated commer- 
cially pure titanium tubes, and the cathode 
holders and manifold are made of 20Cb-3 
stainless steel and Lexan or acrylic plastic, 
respectively. 

Part holding fixtures should be designed 
in the same manner as a normal machining 
fixture. The actual locating points can be 
made of carbide, but they will have to be 
replaced regularly. The fixtures can be built 
in multiples, and they should be aligned so 
that the nonparallel holes are angled ap- 
proximately equally from the motion axis of 
the machine. 

Cathode guides should be attached to the 
part holding fixture or should be lined up 
with it, and there should be a small amount 
of clearance between the bottom of the 
guide and the top of the part. The guided 
length should be approximately 50 times the 
diameter of the largest cathode being guided 
(up to 100 mm, or 4 in., for very large 
cathodes). 

Cathodes are commercially pure titanium 
tubes coated with a special resin for electri- 
cal insulation, with the front (drilling face) 
lapped flat. The straightness of the cathodes 
is critical. Restraightening and tip relapping 
must be done periodically. 
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The cathode holder and manifold must be 
designed in such a way as lo drive the 
cathodes through the cathode guides. The 
cathode holder and manifold must also con- 
duct electricity into the cathodes and feed 
acid under pressure into the cathodes with a 
minimum of leakage. 


Process Parameters 





The electrolytes for shaped tube electro- 
lytic machining are sulfuric, nitric, or hy- 
drochloric acid in concentrations of 10 to 25 


wt% in water. The electrolyte temperature 
is 38 °C (100 °F) for sulfuric acid and 21 °С 
(70 °F) for the others. 

The maximum metal contamination of 
STEM electrolytes is about 3 g/L (0.4 oz/ 
gal.). depending on the metal being drilled. 
A minimum metal concentration of 0.5 g/L 
(0.07 oz/gal.) is also desirable because the 
process is usually more effective if the acid 
is precontaminated. 

Other than electrolyte composition and 
concentration, the primary STEM process 
parameters are: 





е 


Forward voltage: 8 to 14 У 
Forward time: 5107 $ 


Reverse voltage: 0.1 to 1 times forward 
voltage 


Reverse time: 75 to 250 ms 


Electrolyte pressure: 275 to 500 kPa (40 to 
70 psig) 


Feed rate: 0.75 10 3.0 mm/min (0.030 to 
0.120 in./min) 
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Electrical Discharge Machining 


ELECTRICAL DISCHARGE MACHIN- 
ING (EDM) is a process that removes metal 
with sparks. A shaped electrode (usually 
graphite or copper) is used to make a cavity 
that is the mirror image of the electrode. 
There is no direct contact between elec- 
trode and workpiece. The sparks travel 
through a dielectric fluid (typically a light 
oil) at a controlled distance. Both electrode 
and work must be electrically conductive. 

The advantages of electrical discharge 
machining are: 


* Cavities with thin walls and fine features 
are possible to machine because there is 
no contact between electrode and work 


Servo 
control 


John E. Fuller, Rockwell International 


* Difficult geometry in general is possible 
to machine 

* Although the removal rate is related to 
the melting point of the metal being ma- 
chined, the use of electrical discharge 
machining is not affected by the hardness 
of the work. Materials with poor machin- 
ability, such as cemented tungsten car- 
bide and hardened tool steel, can be cut 
by the EDM process 

* Electrical discharge machining is burr 
free 


Electrical discharge machining is typical- 


ly applied to molds and dies in many forms. 
Plastic injection molds, extrusion dies, forg- 
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Typical setup for electrical discharge machining. Negative (standard) polarity is shown. Positive (reverse) 


Fig. 1 polarity is also extensively used. 


ing dies, and die casting dies are just a few 
examples that show the versatility of this 
method, which is also used directly in pro- 
duction processes. 

In addition to discussing the use of a 
shaped electrode for EDM, this article will 
discuss traveling-wire EDM. This process 
differs from conventional EDM in that a 
thin-diameter brass wire acts as the elec- 
trode. 


Method of Operation 


Although some EDM machines are capa- 
ble of movement in several axes, the EDM 
process is best illustrated by a machine with 
the vertical axis only under servo control 
(Fig. 1). Negative polarity indicates that the 
electrode is negative. If the ram were al- 
lowed to move forward unchecked, there 
would be direct contact between electrode 
and workpiece, causing an electrical short 
circuit. This is prevented by a servo mech- 
anism in which the potential is monitored 
and compared with a reference. If the po- 
tential is greater than the reference, the ram 
advances; if it is less, the ram retracts. The 
movement may be accomplished by a hy- 
draulic cylinder or a direct-drive servomo- 
tor. As the work is machined by spark 
erosion, the distance between electrode and 
workpiece increases. The potential goes up, 
and the ram advances until the potential 
matches the reference. Thus, the servo 
mechanism maintains a constant gap. Ero- 
sion continues until a preset depth is 
reached. At this point, the electrode is 
retracted from the workpiece. 

Mechanism of Metal Removal. Direct- 
current power is supplied to the circuit in 
pulses that can be approximated by a square 
wave. Ideally, each pulse creates a spark. 
Each spark occurs where the resistance is 
smallest, usually near the last spark. The 
erosion occurs over the surface of the elec- 
trode and workpiece interface. The square 
wave, plotting current against time, is the 
basis for common terminology of the EDM 
power supply. The variables are on-time, 
off-time, and peak current (Fig. 2). 

Although Fig. 2 is a convenient reference, 
the process is more complex (Ref 1). When 
the electrode is separated from the work, 
the potential is the open circuit voltage, 
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usually about 100 V. As the electrode ap- 
proaches the work, the dielectric fluid be- 
gins to ionize at the point of closest ap- 
proach. The potential drops to a lower level 
(about 35 V) as current begins to flow. This 
is the spark. It occurs at a spark-gap dis- 
tance of 0.01 to 0.4 mm (0.0004 to 0.016 in.). 
With cach spark, material is removed by 
vaporization and melting, and small craters 
appear on both electrode and work. Figure 
3 gives a more detailed picture, plotting 
vollage and current as a function of time. 
The on-time can be separated into ioniza- 
tion time, spark time, and dcionization 
time. The interruption of current (off-time) 
allows the particles ejected from the crater 
to be flushed away by the flowing dielectric 
fluid. The ionized fluid is dissipated and 
replaced by fresh fluid. The off-time must 
be greater than the deionization time to 
prevent continued sparking at one point. 
This condition is known as a direct current 
(dc) arc. 

Power supplies for electrical discharge 
machining have progressed from resistance- 
capacitance (RC) circuits and vacuum tube 
types to the present solid-state power sup- 
plies, RC circuits are still used for micro- 
hole machining. Currently, there is a trend 
to metal oxide field effect transistor (MOS- 
FET) devices. These are useful for EDM 
power supplies because of their rapid 
switching capabilities at higher power. A 
modern power supply allows independent 
setting of on-times and off-times. A typical 
range is from 2 to 1000 ps. The total energy 
of the individual spark is proportional to the 
volume of the rectangular block graphing 
time, current, and voltage on three orthog- 
onal axes (Ref 2). Only the effective on- 
time, that is, the time following ionization, 
is effective in removing metal (Fig. 4). Asa 
first approximation, the crater diameter is 
proportional to the applied current, and the 
depth is proportional to the on-time. 

Removal rates range from almost nil at 
finish settings to 410 mm/min (1.5 in."/hr) 
for a 25 A power supply. A 400 A power 
supply can remove up to 4350 mm*/min (16 
in.*/h) (Ref 3). It should be noted that the 
increase is not linear. The pulse train from a 
standard power supply makes only one 
spark at a time. When using many small 
electrodes at the same time, this is ineffi- 
cient. A solution is the so-called multilead 
power supply (Ref 4). This actually com- 
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Fig. 3 Profile of o single EDM pulse. о, ionization 
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ionization time. 


bines several low current supplies into one 
unit and enables several simultaneous 
sparks (but only one at a time for each 
electrode). 

With the arrival of solid-state power sup- 
plies, it has become more common to use 
positive polarity on the electrode. Polarities 
for various combinations of electrode and 
workpiece are shown in Table 1. Some 
power supplies insert an opposite polarity 
“swing pulse" at fixed intervals to try to 
prevent arcing. A typical ratio is 1 swing 
pulse for every 15 standard pulses. Power 
supplies are rated in amperes and range 
from 10 to 1000 A. 


The EDM Surface 


Topography. Electric discharge machin- 
ing has a distinctive surface signature. The 
surface resembles a cratered surface with 
all craters the same size (Fig. 5). There is no 
“lay” or directionality to the surface as in 
conventional machining. Because the crater 
size depends on spark energy, and spark 
energy varies widely, the EDM surface fin- 
ish surface can range from 0.2 to 12.5 um R, 





Fig. 5 A Pol surface after EDM. Conditions: 
9. 9 Positive polarity; on-time, 58 из; off-time, 
32 pis; maximum current 13 А. Graphite electrode оп 
tool steel. Surface finish: 3.5 jam R, (140 pin. #,). 100% 
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(8 to 500 pin. R,). The average factor to 
convert from the root mean square (R,) to 
the arithmetic average (R,) varies with ma- 
chining method and is 1.26 for EDM (Ref 5). 
A small fraction of the total surface is near 
the peak elevation. Thercfore, when polish- 
ing. the surface finish improves rapidly at 
first, then more slowly. 

Metallurgical and Chemical Effects. 
Because of the rapid quenching by the di- 
electric and the heat sink effect of the 
workpiece, the surface layer affected by the 
EDM process is quite thin—less than 0.13 
mm (0.005 in.) for roughing settings and 
0.01 mm (0.0004 in.) for finish settings (Ref 
3). Because different criteria are used to 
judge the thickness of the layer (hardness 
alteration, residual stress, metallographi 
evidence), the method should be specified. 
The layer can be separated into a so-called 
recast layer and a heat-affected zone. The 
recast layer is characterized by a rapidly 
quenched structure, while the heat-affected 
zone has an annealed or tempered struc- 
ture. The effects are highly dependent on 
the alloy being machined. Because a large 
part of electrical discharge machining is 
done on high-carbon tool steel used for dies 
and molds, much work has been done on 
the characterization of EDM layers on 
steel. The recast layer on tool steel is harder 
than the bulk material because of martensite 
precipitation, while the heat-affected zone 
is softer, because of overtempered martens- 
ite. A single-phase alloy or precipitation- 




















Table 1 Polarity for various 
electrode-work combinations 
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hardening alloy would have a different be- 
havior. 

Small amounts of electrode material as 
well as carbon from the dielectric can be 
deposited on the EDM surface. In the case 
of steel, extra carbon in the surface layer 
can cause more martensite, with increased 
susceptibility to cracking. 

Surface integrity has always been of 
concern in electrical discharge machining. 
Both the recast layer and the heat affected 
Zone are in tension (Ref 6). Microcracks 
occur in the recast layer and can act as 
initiation points for failure. The questions to 
be answered are: Can the bulk material 
propagate a surface crack? If it is necessary 
to remove the surface layer, how can this be 
done? Shot peening removes a small part of 
the recast layer and improves the fatigue 
properties. To obtain fatigue properties rep- 
resentative of the bulk material, however, 
both the recast layer and the heat-affected 
zone must be removed. The most common 
methods of removal are by abrasive (Ref 7) 
and electrochemical methods. In one re- 
ported method (Ref 8), the dielectric is 
replaced with an electrolyte, and the EDM 
electrode becomes a static electrochemical 
electrode. This has the advantage of high 
current density, resulting in little grain 
boundary attack. In some cases, the EDM 
surface is beneficial. The higher hardness 
and ability to retain lubrication can result in 
increased die life. 


Electrodes and Electrode 
Manufacturing Processes 


Electrode costs are often the most expen- 
sive part of an EDM operation. Material, 
fabrication, wear, and redressing costs must 
be carefully weighed to determine the best 
electrode material and EDM machine set- 
tings. The ideal electrode material has high 
electrical conductivity, is easy to fabricate, 
has a high melting point, and is strong 
enough to stand up under conventional ma- 
chining without deformation. 

Wear. Melting point is most important in 
determining wear (Ref 9). Electrode wear 
ratios are expressed as end wear, side wear, 
corner wear, and volume wear. These terms 
are defined in Fig. 6. The term no-wear 
EDM is generally applied to cases in which 
the electrode-to-workpiece wear ratio is 1% 
or less. Wear first appears on corners. 
Thus, corner wear is most likely to deter- 
mine when an electrode must be redressed. 

Materials. In the following discussion of 
electrode materials, cost comparisons are 
made by assigning tough pitch copper a 
value of 1. Electrode material costs are 
usually less than fabrication costs and EDM 
machine time. Thus, the cheapest material 
does not necessarily result in the lowest 
overall cost. 

Graphite is the most commonly used elec- 
trode material because of good machinability 
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and EDM wear characteristics. Small, flush 
holes are easy to drill. It is available in a great 
variety of size and form. Commercially avail- 
able EDM grades range in grain size from 
0.001 to 0.1 mm (0.00004 to 0.004 in.), in 
flexural strength by a factor of five, and in 
hardness by a factor of two. The price in- 
creases with decreasing grain size, increasing 
flexural strength, and increasing hardness. At 
the time of publication, the cost factor, com- 
pared to copper, was 1.3 to 24, with most 
grades falling between 2.6 and 10. A draw- 
back of graphite is that it is dirty to machine; 
vacuum systems are needed for all but the 
smallest jobs. 

Copper has good EDM wear, good con- 
ductivity, and is economical. It does not 
machine as well as brass or graphite. None- 
theless, it is used almost as much as graph- 
ite, and is especially good for machining 
tungsten carbide. Copper is preferred for 
finishes better than 0.5 um R, (20 pin. R,). 
As the standard of cost comparison for this 
article, it has a cost factor of 1. Electrodes 
can be made by a variety of methods. An 
alternative is the Cu-0.5Te alloy. It is only 
slightly more expensive than copper (cost 
factor, 1.2), and it is nearly as machinable 
as brass. 

Copper tungsten and silver tungsten are 
expensive materials with cost factors of 18 
and 100, respectively. Their main use is in 
making deep slots under poor flushing con- 
ditions, and they are often used on tungsten 
carbide. They are not true alloys. The tung- 
sten is a pressed and sintered powder that is 


infiltrated with copper or silver. The machin- 
fair, but because the material 
brittle, it cannot be formed after sintering. 

Copper graphite is a graphite that has 
been infiltrated with copper. It is 1.5 to 2 
times more expensive than the same graph- 
ite without copper, thus making it from 5 to 
20 times more expensive than copper. The 
flexural strength is higher than the compa- 
rable grade of graphite, making it good for 
thin cross-section electrodes. Electrical 
conductivity is greatly improved, but corner 
wear is not as good as it is for the same 
grade of pure graphite. This material works 
well on tungsten carbide. 

Brass is inexpensive and easy to ma- 
chine, but does not wear well. It is often 
used for tubular electrodes in specialized 
small-hole EDM drilling machines where 
high wear is acceptable. 

Steel is not a satisfactory electrode mate- 
rial for normal use. Its main use is to match 
the parting planes of molds in which half of 
the mold is used as the electrode and the 
other half is used as the workpiece. 

Tungsten is used to make small holes 
(«0.2 mm, or 0.008 in.) for which electrodes 
with flush holes are not available. 

Electrode Manufacture. The most com- 
mon method of electrode making is on lathes, 
milling machines, and grinders. One reason 
graphite has become dominant as an elec- 
trode material is that it is easy to machine. 
The design of EDM tooling systems is based 
on the assumption that the electrode is ma- 
chined while attached to the holder. 

Traveling-wire EDM is an excellent meth- 
od for making vertical EDM electrodes. All 
metallic electrode materials cut well. The 
cutting speed on graphite is about one-third 
as fast as on copper, but recently intro- 
duced ultrafine grained graphite cuts more 
easily. Extremely thin walls and intricate 
detail are possible. The method can be 
combined with other methods of electrode 
manufacture. 

Abraded-graphite electrodes require a 
master in the shape of the cavity. The 
master is used as a tool to make a mirror 
image of its shape, much like the EDM 
process. When the abrasive is in the master 
as a mixture with epoxy, the master itself 
does the cutting. This is accomplished by an 
orbiting action between master and elec- 
trode known as orbital abrading. In ultra- 
sonic abrading (Ref 10), the abrasive in a 
slurry is injected between the master and 
the electrode, and the master is vibrated at 
about 20 000 cycles per second. Orbital 
abrading is used for high removal rates, 
while ultrasonic abrasion is used when finer 
detail is required. Graphite electrodes can 
be redressed many times by both methods. 
Because of the cost of making the master, 
the method is most economical for repeti- 
tive work. Tooling systems to maintain lo- 
cation between EDM machine and abrading 
machine are used. 
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Molded copper tungsten (Ref 11) is pro- 
duced from an original master that is made 
from any material. The master is used to 
make epoxy duplicates, which in turn are 
used to make molds for the electrodes. 
Identical molded copper tungsten elec- 
trodes are made. The method is used for 
cases in which many complicated elec- 
trodes are needed because the difficult ma- 
chining must be done only once. 

Electroforming is a process in which a 
form is made, coated with a conducting 
paint, and electroplated. After electroplat- 
ing, the original form is removed. The form 
is often made of wax, which can be melted 
out; thus, the process is like investment 
casting in reverse. Aluminum, etched out 
with a caustic solution, is also used, with 
copper as the plated metal. Recent develop- 
ments in no-wear EDM electrical discharge 
machining have made the use of thin-shell 
electrodes more feasible. 

Extruded, coined, or pressed copper use 
the good forming properties of copper to 
advantage. Copper extrusions of intricate 
cross section and good dimensional quality 
can be produced. High-detail cavities are 
often made in hardened tool steel or tung- 
sten carbide by the EDM process. These 
cavities are in turn used as pressing or 
coining dies for multiple copper electrodes. 

Die casting is a high-production process 
capable of reproducing intricate geometry. 
It is limited as an electrode-making method 
because good die casting alloys (usually 
Sn-Zn) are poor electrode materials. The 
low melting points that help the die-casting 
process result in poor electrode wear. 

Tooling Systems. The purpose of an 
EDM tooling system is to allow electrode 
fabrication and redressing on standard 
shanks and mounting plates. The datum 
surfaces on the shanks and plates that lo- 
cate the electrodes during fabrication are 
the same as those used to locate the elec- 
trodes in the EDM machine. The EDM 
machine location should be so reliable that 
once dimensional inspection is done outside 
the EDM machine, the location is ensured. 
Auxiliary hardware is usually included to 
verify this. The result is reduced EDM 
machine setup time and increased time for 
effective machine use. The electrode-mak- 
ing methods normally used are turning, mill- 
ing, grinding, and wire EDM. One reason 
effective tooling systems are valuable is that 
a severe penalty is paid for misalignment of 
rough and finish electrodes. The finish elec- 
trode uses low removal rates with high 
wear. When extra material resulting from 
misalignment is encountered, longer finish 
times result. The problem is compounded 
by loss of effective flushing. 











Dielectric Fluids 


The dielectric fluid performs several 
functions: It is a spark conductor that must 


ing Processes 


ionize under an applied voltage. It is a 
coolant for work and electrode. It is a 
flushing medium that carries away the swarf 
(EDM chips) resulting from the process. 
Desirable properties are low viscosity, high 
flash point, and low cost. Because of small 
working gaps at finish spark settings, a 
low-viscosity dielectric is especially impor- 
tant. Low viscosity also helps in settling of 
the swarf, thus keeping the dielectric fluid 
clean. The most common dielectric fluid is 
'troleum-base oil. Also used are kerosene, 
icone oils, and water-base dielectrics. De- 
ionized water has some desirable character- 
istics (Ref 12), these being fire safety, low 
cost, low viscosity, and absence of carbon 
to react with the work. On balance, howev- 
er, the petroleum-base oils give better con- 
trol of the spark gap and are the most-used 
dielectric. 

Flushing is the single most important 
component of successful EDM. In multilead 
power supplies, the multiple electrodes are 
a single mechanical unit, even though they 
are electrically separate. Flushing problems 
at one electrode cause the entire assembly 
to retract. Thus, good flushing is even more 
important when using the multilead method. 
Changing from very poor to very good 
flushing conditions can improve efficiency 
and thus reduce machining time by a factor 
of six (Ref 13). Some common-sense rules 


apply: 











© Through-the-tool flushing is preferred to 
side flushing 

* Many small flush holes are preferable toa 

few large ones. Besides giving better fluid 

distribution, smaller and more-easily-re- 

moved spikes (the column of metal left 

from a flush hole) result 

A steady flow of dielectric fluid over the 

entire electrode-workpiece interface is 

desirable 

* Dead spots created by pressure flushing 
from opposite sides of a piece should be 
avoided 

ө A vent hole should be provided for any 
upwardly concave part of the electrode to 
prevent accumulation of explosive gases 

* A flush box can be useful if there is a hole 
in the cavity 


Recent Advances in EDM 


No-wear EDM is usually defined as ma- 
chining that results in a work to electrode 
wear ratio of 100 or more. It is based on the 
fact that at a given current, the wear per 
pulse is nearly the same, regardless of the 
length of on-time. Thus, the traits of no- 
wear EDM are positive electrode polarity, 
long on-times, and low peak current. It is 
not a separate form of electrical discharge 
machining. Spark settings near no-wear set- 
tings give wear ratios near 100. Graphite, 
copper-impregnated graphite, copper, cop- 
per tungsten, and silver tungsten can all be 
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onds. Adapted from: Ref 13 









used as electrode materials. Work materials 
can be steels, Stellite alloys (cobalt-chro- 
mium base), high-nickel alloys, or alumi- 
num. Tungsten carbide cannot be used in 
this manner. Traditionally, long on-times 
have been thought to result in a high-energy 
pulse that is unsuitable for finishing. How- 
ever, power supplies have progressed to the 
point of lowering no-wear settings to 20 us 
on-times and 3 A peak currents, thus en- 
abling the machining of fine surfaces. No- 
wear electrical discharge machining can 
also be used for roughing cuts. However, 
no-wear settings do not give the highest 
removal rates. These usually occur at neg- 
ative polarity. Figure 7 shows maximum 
removal rate and best wear ratio as a func- 
tion of on-time (Ref 14). The peak current is 
held constant. Figure 8 shows a case in 
which high removal rate at negative polari- 
ty, combined with efficient redressing of 
electrodes, results in an overall time savings 
(Ref 11). Thus, the choice of the most 
economical process depends on the cost of 
electrode material, and redressing, labor, 
and machine time. 

CNC Vertical EDM. Computer numerical- 
ly controlled (CNC) machines provide addi- 
tional capability in servocontrolled motion 
and erosion. Nearly all machines have at 
least three controlled axes; machines with 
as many as six axes are available. They 
have the ability to produce contoured sur- 
faces with ball-nosed electrodes in a manner 
similar to that of a CNC mill. However, it is 
more common to use shaped electrodes in 
the same manner as on standard EDM ma- 
chines. Computer numerically controlled 
EDM machines provide advantages in other 
capabilities: 
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Fig. 8 А" ample of net time savings with negative 
Ө. 8 polarity and high electrode wear. The key is 
оп efficient electrode redressing method, in this cose, 
orbital abrading of graphite (Ref 10). 


* Location of electrodes with respect to 
some reference location such as a tooling 
ball, a reference hole in the work, or 
reference surfaces 

Multiple cavities with the same spark 
parameters 

Electrode wear compensation using 
touchoffs on reference surfaces 
On-machine inspection with probes held 
in the electrode holder 

Fast retrieval of spark settings for a given 
work-electrode combination. Selection can 
be based on removal rate or surface finish 
Storage and retrieval of electrode offset 
data when the electrode axis is not coi 
cident with the shank on which it is 
mounted. Angular orientation errors can 
also be corrected 

Multiple coordinate systems for work- 
pieces at different locations and orienta- 
tions 

Centerline offsets used with milling cut- 
ter-type electrodes. Large offsets are 
used for roughing cuts, and smaller off- 
sets are used for finish cuts 


This partial list demonstrates the wealth 
of possibilities that are available using CNC 
electrical discharge machining. The ulti- 
mate goal is to produce multiple cavities 
unattended. It is important to note that 
without a tool changer, CNC EDM loses 
many of its advantages. For unattended 
operation, aggressive spark settings (char- 
acterized by short off-times) should not be 
used because arcing can ruin the part before 
the problem is discovered. 

Orbiting is relative movement between 
electrode and workpiece in a set pattern. 
Round and square orbits in the x-y plane are 
the most common type. There is no limit, 
however, to the complexity of the orbit; 
even curvilinear orbits are possible (Ref 15). 
Orbiting can be accomplished with move- 
ment of the electrode on a stationary wor! 
piece using an orbiting device on the q 
This gives a non-CNC vertical EDM ma- 
chine orbiting capability. On CNC ma- 
chines, orbiting is done almost universally 
with movement of the table. Such a system 
places no limits on the size of the orbit. 
Orbiting on CNC machines can also be done 
in the x-z and y-z planes. Orbiting has im- 
portant advantages: 
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Table 2 Power settings for a typical orbiting sequence 
Аз seltings become finer, wear ratios increase. The polarity is positive. 








аа Volume Total Num 
) removal, jt radius. 
"ad жа) vum Imm w. 
70 275 97.8 79.4 0 0 
52 205 14 79 0.079 0.0031 
46 181 0.6 40 0.122 0.0048 
43 169 03 32 0.147 0.0058 
38 150 92 5.5 0.167 0.0066 


(а) In the first power setting 








improved by alternately wid- 
ening and narrowing the gap between the 
electrode and the work 

* A given electrode, often in a stock size, 
can be used for machining a wide range of 
cavity sizes, eliminating the need for cus- 
tom machining the electrode 

€ The same electrode can be used for rough 
and finish machining. As orbit size in- 
creases, spark energy is decreased. The 
effect is similar to using progressively 
finer grades of sandpaper 


A sequence of spark settings and corre- 
sponding orbit radii and surface finishes is 
given in Table 2. 

EDM Hole Drilling. An important branch 
of EDM cavity sinking is drilling. There are 
several specialized machines built specifically 
for drilling. One is a single-hole machine using 
tubular electrodes. Without through-the-elec- 
trode flushing, hole drilling beyond ten diam- 
eters is very difficult. These machines use 
brass or copper electrodes with negative po- 
larity. Some machines use a guide bushing 
that is ultrasonically vibrated to aid flushing. 
Because of its low viscosity, water is the 
dielectric. The drilling speeds can be as 
as 25 mm/min (1 in./min). A wide variety of 
brass and copper electrodes are available, 
including those with a spiral metal core that 
removes the spike that normally occurs at the 
point of a flush hole. This spike is trouble- 
some in deep-hole drilling. Also worth men- 
tion are the multiple-hole production ma- 
chines with automatic electrode refeed 
mechanisms. They are used to make cooling 
holes in gas turbine blades. 


Applications 

Although the application of electrical dis- 
charge machining is limited to the machin- 
ing of electrically conductive workpiece 
materials, the process has the capability of 
cutting these materials regardless of their 
hardness or toughness. Nonconductors 
such as glass, ceramics, or plastics cannot 
be machined using EDM techniques, but 
the machining of hardened steel using EDM 
eliminates the need for subsequent heat 
treatment with possible distortion. Complex 
shapes can be cut in hardened steel or 
carbide without costly sectional construc- 
tion being necessary. 











The EDM process is most widely used by 
the mold-making and tool and die indus- 
tries, but it is increasingly being applied to 
make prototype and production parts, espe- 
cially in the aerospace and electronics in- 
dustries, in which production requirements 
are relatively low. The production of stamp- 
ing dies is a major application of this pro- 
cess because of the favorable economics 
afforded by using the EDM process to 
match one portion of the die made conven- 
tionally. Extruding, heading, drawing, forg- 
ing, and die casting dies, as well as molds 
for plastics, can also be done with EDM 
techniques. 

Electrical discharge machining is particu- 
larly well suited for parts that are made 
from materials that are difficult to machine 
and/or contain small or odd-shaped holes, a 
large number of holes, or holes having shal- 
low entrance angles, intricate cavities, or 
intricate contours. Miniature parts and 
parts made from material too thin or fragile 
to withstand conventional, mechanical cut- 
ting forces are also good applications. 
Round or irregular-shape holes as small as 
0.05 mm (0.002 in.) in diameter can be 
produced with length-to-diameter ratios of 
about 20:1. Narrow slots as small as 0.05 to 
0.30 mm (0.002 to 0.012 in.) wide are cut 
routinely. 

Burr-free cutting is characteristic of the 
EDM process. Many features of modern 
EDM equipment, such as multiple elec- 
trodes, automated dressing, and numeric 
control, contribute to broad process appli- 
cability. The scope of EDM applications 
ranges from tool and die and cavity work to 
automated transfer line operations. 


Traveling-Wire EDM 


Traveling-wire EDM is a specialized 
form of EDM in which the electrode is a 
continuously spooling conducting wire. 
The wire moves with respect to the work 
by a numerically controlled table. The 
result is a precision jigsaw. Either the 
inside (a punch, for example) or outside (a 
die) piece may be the part of interest. A 
diagram of a traveling wire EDM machine 
is shown in Fig. 9. Machines have at least 
two controlled axes (x and y). Most ma- 
chines can tilt the wire to produce tapered 
work using two auxiliary horizontal axes 
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Fig. 9 Diagram of a typical traveling wire EDM machine 


(called и and v). Controlled vertical and 
rotary axes are also available. 

Wire (normally brass) is used once. Servo 
control of the machine is similar to that of 
vertical CNC machines. Flushing problems 
or workpiece distortion sometimes makes it 
necessary for the wire and work to sepa- 
rate. The controller must ensure that the 
separation takes place along the path previ- 
ously cut. Work thickness capacity of 150 
mm (6 in.) is average with some machines 
capable of up to 420 mm (16.5 in.). Flushing 
is provided by nozzles at the upper and 
lower wire guides, with the stream of dielec- 
tric, usually deionized water, being coaxial 
with the wire. Swarf is removed by filtration 
and settling. 

Normal accuracy is about +0.013 mm 
(50.0005 іп.). Special measures such as 
multiple passes and precise temperature 
control are used for a higher accuracy of 
+0.005 mm (+0.0002 іп.). Power settings 
may be decreased with each pass for im- 
proved surface, as with vertical EDM. 

Constant wire tension is maintained. The 
tension must be high enough to keep the 








wire straight in the cutting zone, but not 
high enough to break the wire. The right 
tension is a function of the wire material and 
diameter. Wire guides are made of a hard 
material such as sapphire or diamond to 
minimize wear. The guides are required to 
keep the wire vertical, which is necessary to 
maintain straight sides on the workpiece. 
Hydraulic servo mechanisms are not used 
in wire EDM. The servo motion is done 
with direct-drive ac servo motors, dc servo 
motors, or stepper motors. The monitored 
the voltage between the wire and 
the workpiece. 

A typical job of cutting flat stock with 
wire EDM is shown in Fig. 10. I 
practice to use a start hole. If entry is made 
from outside the stock, the effect (near the 
end of the cut) is similar to a picture frame 
with one corner not joined. Internal stresses 
in the frame cause distortion during the cut, 
with resulting loss of accuracy. The effect 
can be lessened if the frame is massive 
compared to the slug. A so-called glue 
strap, or piece of metal with spots of glue on 
frame and slug, is often used to bridge the 
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slug and frame. The purpose is to maintain 
electrical continuity and keep the slug from 
falling out at the end of the cut. 

Wire EDM Applications. Electrical dis- 
charge wire cutting is used to make stamp- 
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hole is in the slug. The glue strap keeps the slug from 
falling and maintains electrical continuity to the finish. 











Electrical Discharge Machining / 563 





Fig. 11 Progressive die cut by traveling-wire EDM. Courtesy of Progressive Tool Company 


ing dies, tools for lathes, templates for use 
in tracer lathes, electrodes for vertical 
EDM, broaches, and extrusion dies (Ref 
16). It can also be used for prototype pro- 
duction of parts to be made later by die 
stamping or CNC milling. 

The progressive die shown in Fig. 11 is 
one of the most important applications of 
electrical discharge wire cutting. A strip of 
sheet metal is advanced through the die, 
one station at a time. A separate operation 
is done at each station. The finished part is 
removed from the strip at the last operation. 

Wire EDM also has many applications in 
metallurgy, such as the removal of core 
samples from castings to determine varia- 
tion in chemistry; the sectioning of welds 
for metallography, and the making of me- 
chanical property specimens ( 12). 

Power Supplies. As in vertical EDM, 
peak current and on-time are the major 
variables controlling spark energy. In mod- 
ern pulse generating power supplies, these 
variables, along with off-time, can be set 
independently. The wire has limited current 
carrying capacity, and the current rating of 
the power supplies rarely exceeds 30 A. The 
potential difference between wire and work 
is usually between 55 and 60 V. Because 
electrode wear is of little importance, neg- 
ative polarity on the wire is always used, 
and better cutting speed is the result. Larg- 
er-diameter wire can handle higher energy 
sparks and can therefore cut faster. 

Surfaces. The character of the wire-cut 
EDM surface is the same as that of vertical 
EDM. Lower spark energies generally give 
finer surfaces. Surface finishes range from 
1.25 to 0.2 wm R, (50 to 8 pin. R,). Multiple 
skim cuts with progressively lower spark 
energies are used for the best finishes. 











Workpiece material and thickness must be 
considered when determining spark set- 
tings. Small amounts of the wire material 
are deposited on the workpiece surface. 
Experiments by the author have shown that 
even graphite-coated molybdenum wire de- 
posits carbon and molybdenum on the work 
surface. Copper and zinc deposits from 
brass wire can be detrimental to welding, 
but can be removed with nitric acid. Wire 
EDM applications to cemented tungsten 
carbide have had difficulty with preferential 
attack of the cobalt binder and with crack- 
ing. Measures have been developed to deal 
with these problems (Ref 17). 

Flushing and Dielectrics. Good flushing 
is as important in wire EDM as in vertical 
EDM. Nozzles should be as close as possi- 
ble to the work. Workpieces with large 
variations in thickness prevent this and are 
especially troublesome. Edge entry is also 
difficult, and the two problems combine 
when cutting round bar stock. Tricks, such 
as making an artificial hole with tape or a 
split soda straw, are often used. The usual 
result of poor flushing is a wire break. To 
avoid wire breaks, the off-time is usually 
increased. The penalty is slower cutting. 
The reason for using off-time for this pur- 
pose is that the spark energy is not affected, 
thus maintaining the same cutting gap and 
surface finish. A constant cutting gap is 
essential for accuracy. 

Deionized water is used almost exclusive- 
ly as a dielectric. The low viscosity is ideal 
for the difficult flushing conditions found in 
wire EDM. Conductivity is maintained be- 
tween set limits with a circuit containing an 
ion exchange resin. Although additives are 
not normally needed, they are sometimes 
used as antirust compounds or (ethylene- 
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glycol base compounds) to make the dielec- 
tric more "slippery." Light oils are some- 
times used as dielectrics, 

Good filtration is also important because 
contaminants affect the gap distance and, 
thus, accuracy. Cartridge-type paper and 
diatomaceous earth filters are common. 
Because significant heat is generated by 
electric discharge wire cutting, dielectric 
cooling and temperature-controlled envi- 
ronments are used. 

Wire. The most widely used wire is brass 
wire. It has most of the qualities needed for 
wire EDM, that is, high tensile strength, 
high electrical conductivity, and good wire- 
drawing ability to close tolerances. Re- 
search in wire is active. The trend is toward 
layered wires, with different materials for 
different functions. One example is a wire 
with a steel core for tensile strength, a 
copper layer for conductivity, and a graph- 
ite outer layer for speed. The outer layer in 
particular can be selected to suit the appli- 
cation. Although more expensive, such 
wires cut faster than brass, and a case can 
be made for their net economy (Ref 18). 
Zinc-coated brass and molybdenum core 
wires are also available. High tensile 
strength wires are especially good when a 
small-diameter wire must be used to make 
small-corner radii. Wire diameters range 
from 0.05 to 0.3 mm (0.002 to 0.012 in.). 

Cutting Speed. An informal industry stan- 
dard of cutting speed is the linear rate at 
which 25 mm (1 in.) D2 tool steel can be cut. 
The standard is expressed in terms of mm?/h 
(in.?/h) of surface cut. Early machines cut at 
1300 mm/h (2 in./h). That speed has in- 
creased by a factor of ten or more for present 
machines. Most of the progress has resulted 
from improvements in power supplies. Ideal 
flushing conditions are needed for high speed. 

Programming. The geometry of the piece 
to be cut is defined in terms of points, lines, 
and circles. The cutting path is then specified. 
When а line intersects a circle, a clockwise or 
counterclockwise path must be chosen. The 
tool path is then converted to codes under- 
stood by the machine tool. Programming is 
done on centerline, with offset introduced at 
the machine tool. The wire can be likened to 
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a small milling cutter. Mathematically defined 
curves can be generated by a sequence of 
points, and interpolation can be linear or 
circular. Points from figures not defined 
mathematically (artwork, for example) can be 
obtained from a digitizing tablet. The top and 
bottom surfaces can be independently pro- 
grammed. The и and v auxiliary horizontal 
axes are used to make the necessary contin- 
uous transitions. This allows transition from a 
circular to a square cross section, for exam- 
ple. The method finds particular application 
in extrusion dies. 


Health and Safety 


Electrical discharge machining is one of the 
safest machining methods. The inherent dan- 
gers of chucks rotating at high speeds, sharp 
chips, and large milling cutters are not pres- 
ent. The low voltage used makes the electri- 
cal hazard small. The EDM process is not 
without danger, however. The largest risk is 
fire, the most common cause being a drop in 
the dielectric level below the level where 
sparking occurs. If this occurs, the dielectric 
becomes heated above its flashpoint, and the 
EDM sparks provide a ready-made source of 
ignition. Large electrodes increase the prob- 
lem. Asa safety measure, the machine should 
turn off automatically when the fluid level 
drops below a preset level—the top of the 
work plus a safety factor. Also, automatic fire 
extinguishers should be mounted on any un- 
attended machine. 

Skin irritation and smoke are the other 
potential EDM health problems. Hand 
creams specifically formulated for EDM 
users are available. If the work is large, 
ventilation should be provided. Self-con- 
tained smoke-consuming units that remove 
the need for vented hoods are available. 
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Electrical Discharge Grinding 


ELECTRICAL DISCHARGE GRIND- 
ING (EDG) is much like electrical discharge 
machining except that the electrode (tool) is 
arotating graphite wheel. The work is fed to 
the wheel by a servo-controlled worktable. 
The workpiece is cut by the action of a 
stream of electric sparks between a nega- 
tively charged wheel and a positively 
charged workpiece immersed in a dielectric 
fluid. Each spark discharge melts or vapor- 
izes a small amount of metal from the work- 
piece surface, producing a small crater at 
the discharge site, as in electrical discharge 
machining. 


Equipment and Operation 


The stream of sparks is produced by 
high-frequency pulses of direct current in an 
arrangement such as that shown in Fig. 1. 
The power supply and the dielectric fluid 
are similar to those used in electrical dis- 
charge machining, but lower amperage is 
used in most EDG applications because the 
method usually involves a smaller cutting 
area and is primarily used to achieve higher 
accuracy and a smoother finish. 

The power supply can be rated at 30 to 
400 V, 0.5 to 100 A, with a pulse frequency 
of 0.2 to 260 kHz. Machining current for 
most applications is 0.5 to 15 A at a poten- 
tial of 40 to 80 V. 

When work loads in grinding do not jus- 
tify an EDG machine, it is possible to use a 
numerically controlled EDM machine in 
which the EDG wheel is mounted and ro- 
tated on the vertical spindle. The table can 
then be fed automatically into the rotating 
wheel by means of servo-controlled feed 
(instead of tool feed). 

Wheels. Electrical discharge grinding 
wheels are typically constructed from po- 
rous, low-grade graphite. Brass wheels are 
sometimes used when the sections to be cut 
are thinner than 0.375 mm (0.015 in.) or 
when dielectric circulation is difficult. Be- 
cause of their composition, EDG wheels 
can be easily formed and dressed with inex- 
pensive high-speed steel tools. 

The graphite wheel rotates at 30 to 180 m/ 
min (100 to 600 sfm), and the spindle is 
insulated from the wheel for electrical 
isolation. High wheel speed causes oil 
splash; excessively low speed may result 
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in nonuniform wheel wear and out-of- 
roundness. 

The grinding wheel, rotating at approxi- 
mately 450 m/min (1500 sfm), can be 
dressed by a tool arranged on the machine 
as shown in Fig. 2. The grinding wheel can 
be rough dressed at 1.25 mm (0.050 in.) 
per pass of the tool of hardened steel, fol- 
lowed by a finishing pass of 0.125 mm 
(0.005 in.). - 

For precision grinding, extreme rigidity is 
needed for minimum deflection during 
grinding and in-process wheel dressing. 
Spindle runout can be held to a maximum. 
total indicator reading (TIR) of 0.001 mm 
(0.00004 in.). Deflection in wheel dressing 
can be held to 0.004 mm (0.00015 in.) for 


traversing 200 mm (8 in.) on hardened and 
ground V-ways. 

Control. The spark gap is normally held at 
0.0125 to 0.075 mm (0.0005 to 0.0030 in.) by 
à servomechanism that controls the motion 
of the worktable. The machining gap is 
immersed in a dielectric fluid similar to 
those used in electrical discharge machin- 
ing—usually oil having a viscosity of 40 
SUS (Saybolt universal seconds) at 38 *C 
(100 °F). 
er voltage permits larger spark gaps; 
this is of value in plunge grinding and for 
ease of flushing with dielectric fluid. An 
average spark gap is about 0.025 mm (0.001 
in.), Higher electric current cuts faster but 
leaves a rougher, more damaged surface; 
crater size is proportional to spark energy. 
Less current is used to produce smoother, 
less damaged surfaces, especially in the 
grinding of carbide. Higher pulse frequency 
makes a smoother surface. Greater ca- 
pacitance is generally used for faster 
cutting. 

Once the machining cycle has been start- 
ed, operator attention is not required on 
automatic EDG machines. The servo drive 
for the worktable is controlled by the volt- 
age between the grinding wheel and the 
workpiece. When the voltage is high (~80 
V), the workpiece is rapidly traversed 
toward the grinding wheel until the first 
spark occurs. At this point, the voltage 
drops to the normal machining range (40 to 
60 V), and the servo device maintains a 
constant spacing between the grinding 
wheel and the workpiece (normally in the 
range of 0.0125 to 0.075 mm, or 0.0005 to 
0.0030 in., depending on the power supply 
settings). The servo system automatically 
backs the work away from the grinding 
wheel if the voltage drops for any reason. 








Process Characteristics 


Electrical discharge grinding is used for 
work that demands great accuracy, such as 
making carbide form tools. Tolerances of 
20.005 mm (0.0002 in.) are common; 
+0.001 mm (0.00005 іп.) can be obtained 
in some applications. lt is a slow process, 
removing only 160 to 2500 mm? (0.01 to 0.15 
in.*) of stock per hour. Higher metal remov- 
al rates result in a surface finish that is 
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usually acceptable only for certain roughing 
applications. 

Applications. In addition to making car- 
bide form tools, electrical discharge grind- 
ing is used to grind carbide in shapes such 
as lamination dies, crushing rolls, and tools 
of other kinds. It is also used for grinding 
other hard materials such as gear racks, for 
making closely spaced thin slots in hard 


materials, for grinding brittle or fragile 
parts, and for the production grinding of 
complex shapes. 

The grinding of stainless steel is illustrat- 
ed in Table 1, which shows workpiece and 
wheel configurations for four parts and 
gives processing details. The wheel used in 
making Part 3 has a herringbone pattern cut 
in the working surface to improve the flush- 





















































25 100 
32 kHz, 4 uF 
20 
E 64 kHz, 2 uF ы с 
> а 
ё 260 kHz. 0.5 uF Ey 
а 10 — 40 5 
8 260 kHz s 
Е 00 uF £ 
А 5 
0.5 20 ls 
— 260 kHz, 0.0 uF 
D о 
0 2 4 6 B 10 
Current, A 
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V at 0.2 А. The dielectric fluid was a hydrocarbon (petroleum) oil with a viscosity of about 40 SUS at 38 ^C (100 °F). 


The wheel was graphite. 


ing action. Cast iron is not ordinarily pro- 
cessed by electrical discharge grinding, be- 
cause it is readily ground by conventional 
methods and because nonconductive impu- 
rities (sand and slag) are not removed by the 
spark discharge and can damage the wheel. 

Surface Finish. In electrical discharge 
grinding, because of the wiping action of the 
wheel past the workpiece, a surface finish 
of 0.25 рт (10 pin.) is practical. Surface 
roughness depends primarily on the metal 
removal rate, In grinding carbide, for exam- 
ple, a metal removal rate of 200 mm"/h 
(0.012 іп.) results in a surface finish of 
0.38 ит (15 pin.), while a metal removal 
rate of 2500 mm?/h (0.150 in.*/h) results in a 
finish of 3.2 ьт (125 pin.). 

The effect of operating conditions on the 
grinding of tungsten carbide is illustrated in 
Fig. 3. Further decreases in frequency and 
increases in capacitance beyond the values 
shown in Fig. 3, while holding the current at 
10 A, will increase surface roughness sub- 
stantially. For example, roughness was 2.8 
um (110 pin.) at 16 kHz and 10 pF, and 3.8 
pm (150 pin.) at 8 kHz and 14 pF. Results 
vary for other metals and grinding condi- 
tions. 

Corner radius depends on overcut. The 
minimum corner radius in typical EDG ap- 
plications is 0.0125 to 0.125 mm (0.0005 to 
0.005 in.). 
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Wheel Wear. The wear ratio in electrical 
discharge grinding depends on current 
density, tool material, work material, 
and dielectric fluid. Volume-wear ratio 
(ratio of work volume removed to wheel 
volume removed) can range from 100:1 to 
0.1:1. The average volume-wear ratio is 
about 3:1. 

Wheel wear, however, is spread over the 
entire periphery of the wheel. Therefore, 
assuming a uniform distribution of wear, the 
linear-wear ratio (ratio of depth of cut to 
depth of wheel wear) is much higher. For a 
25 mm (1 in.) length of cut, the average 
linear-wear ratio would be 75:1 for a 200 
mm (8 in.) wheel or 110:1 for a 300 mm (12 
in.) wheel. In grinding irregular contours, 
wheel wear is concentrated on the high 
points and sharp edges of the profile, and 
more frequent redressing is required than 
for uniform wear. 

Effect on the Workpiece. As in electrical 
discharge machining, the high temperatures 
attained in melting and vaporizing metal 
from the workpiece affect a thin layer 
(0.0025 to 0.035 mm, or 0.0001 to 0.0015 in.) 
of the surfaces ground by electrical dis- 
charge grinding. Figure 4 shows typical 
changes caused by electrical discharge 
grinding in the hardness of four materials in 
roughing and in finishing cuts. Carbide and 
other materials are also affected. For this 
reason, the EDG process is more widely 
used in forming carbide tools than in sharp- 
ening them. Although some carbides are 
damaged by electrical discharge grinding 
and although transverse strength may be 
reduced, form tools shaped by this method 
are satisfactory. For high-stress applica- 
tions, the surface layer affected by electri- 
cal discharge grinding may have to be re- 
moved. 


Electron Beam Machining 


Ronald W. Schneider, MG Industries, Systems Division 


ELECTRON BEAM MACHINING 
(EBM) uses a focused beam of high-velocity 
electrons to remove material. In this pro- 
cess, a stream of electrons strikes an object 
and causes rapid melting and vaporization 
of the material. For drilling applications, a 
backing material is used on the rear side of 
the workpiece. When the bcam penetrates 
through the workpiece and contacts the 
backing material, the high vapor pressure 
produced by the vaporized backing material 
expels the molten workpiece material, leav- 
ing a hole in the workpiece. 

The EBM process can be used to machine 
a variety of materials, and material proper- 
ties such as hardness, ductility, electrical 
conductivity, thermal conductivity, and 
melting points are usually not limiting fac- 
tors. The greatest industrial use of EBM is 
the precision drilling of small holes (0.1 to 
1.0 mm, or 0.004 to 0.04 in.) in metals. 
Although some work has been done to 
apply the EBM process to nonmetallic and 
curvilinear cutting applications, this indu: 
trial application is very limited. Therefor 
unless otherwise noted, the descriptions in 
this article apply only to metallic hole- 
drilling applications. 








Equipment Description 


The high-velocity electron beam is gener- 
ated in an electron beam gun (Fig.l) that 
accelerates free electrons to speeds in ex- 
cess of 60% of the speed of light. The free 
electrons are created when the tungsten 
filament of the cathode is heated by passing 
an electrical current through it. A high 
voltage potential (typically 120 KV) between 
the filament (cathode) and an anode accel- 
erates the free electrons toward the anode. 
Because the anode contains a hole, the 
accelerated electrons pass through the an- 
ode and continue their motion toward the 
workpiece. A bias cup (Wehnelt electrode) 
located between the cathode and anode acts 
as a grid that controls the number of elec- 
trons being accelerated (beam current). The 
bias cup also acts as a switch for the pulsing 
of the beam current. Beam current typically 
is adjustable from 1.0 to 80 mA, and pulse 
powers up to 12 kW per pulse are possible. 
For drilling purposes, the beam is pulsed 
once per hole. Drilling requires very close 


control of the high voltage, the beam cur- 
rent, and the pulse length. 

The electron beam gun also focuses the 
beam to a very high power density (at least 
10^ W/mm? or 6 х 10* W/in.?). Magnetic 
coils are used as lenses to focus the beam 
(Fig. 1). Between these two lenses is a 
diaphragm, which removes clectrons from 
the fringe area of the beam. This further 
reduces the spot diameter and helps create 
the proper power density distribution. Fi- 
nally, a stigmator coil is used to correct 
minor beam aberrations and ensure a round 
beam at the workpiece. 

There also must be some means of de- 
flecting the beam. Again, electromagnetic 
coils are used to accomplish this function. 
First, a coil is used to bend the beam around 
a corner so that the electron source i 
somewhat isolated and protected from line- 
of-sight exposure to vapors and expelled 
material. A deflection system is also used to 
deflect the beam so that it moves in se- 
quence with the part, thus allowing drilling 
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Fig. | Electron beam gun 





while the part is moving (called on-the-fly 
drilling). 

Vacuum Chamber. EBM is performed 
with the workpiece in a vacuum chamber. 
Drilling is usually done at | Pa (10° ? mbar). 
Drilling is done in a vacuum to avoid dis- 
persion of the beam because electrons have 
mass and are deflected by air molecules. 
Approximately 3 min/m? (5 s/ft*) of chamber 
volume is needed to pump down to | Pa 
(107? mbar). Vacuum chambers usually 
should have a minimum volume of at least | 
m? (35 ft) to minimize the amount of debris 
from the drilling process that sticks to the 
walls. The debris that is deflected upward 
during the drilling process is caught by 
counterrotating, overlapping disks on the 
which 
as the 
disks rotate over scraper pans. The disks 
also minimize the entry of debris into the 
electron beam gun itself. 

Workpiece Manipulator. The next major 
piece of hardware is the workpiece manip- 
ulator. The most elementary manipulator 
(called a tensioning drum) includes a rotary 
axis with translational-motion capability 
(Fig. 2). In this case, the workpiece is 
formed from sheet into a cylinder and 
tacked to maintain its shape. Backing mate- 
rial is placed inside the cylindrical work- 
piece, and the workpiece is placed over a 
tensioning drum. Inflatable bladders hold 
the backing material in place and center the 
workpiece. Typically a "flying" drilling op- 
cration is used with this manipulator. In 
other words, the drum and workpiece rotate 
at a constant speed; as each beam pulse 
starts hole drilling, the beam is deflected 
while the drum rotates. When the hole is 
completed, the pulse is turned off, and the 
beam instantaneously goes back to its orig- 
inal position so the next hole can be started. 
"This on-the-fly drilling process is continu- 
ously repeated. Also, the translational axis 
of the manipulator is moved in synchroni- 
zation with the beam to advance the drum 
and the workpiece under the beam. In this 
design, the chamber door is usually part of 
the workpiece manipulator. 

A more sophisticated multiaxis manipula- 
tor can be used for complicated shapes or 
for drilling holes in different directions (Fig. 
3). Up to five translation and rotary axes 
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Fig. 2 typical electron beam drilling unit with о tensioning drum 


can be provided. The workpiece is usually 
held in a chuck or between a chuck and a 
center. The motion of the axes is computer 
numerically controlled. It is worth noting 
that bearings must be carefully sealed to 
protect against damage by the drilling de- 
bris. Also, the door, usually part of the 


chamber itself, is a powered sliding door. 
Finally, special fixturing and tooling can be 
provided for special applications. 

System Control. Generally, a computer- 
ized numerical control system is required 
for precise control and integration of all the 
process parameters. The fast drilling speeds 





Fig. 3 Multiaxis manipulator with clomped workpiece. Courtesy of MG Industries/Steigerwald 
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Fig. 4 S&emelicof the electron beam drilling pro- 
9. & cess. (a) The focused electron beam causes 
local heating ond fusion at the surface of the workpiece. 
(b) Some vapor is produced by the high power density of 
the beam, and the escaping vapors form о small capillary 
channel encircled by molten material. (c) The electron 
beam penetrates the workpiece and begins to vaporize 
the backing material. (d) Vapor pressure from the 
backing material builds up until the molten material of the 
workpiece is expelled. 





and accuracies now being achieved are pos- 
sible only through the use of a fast and 
efficient computer control. Specialized 
hardware and software is usually required. 


Process Characteristics 


The physical process of EBM drilling can 
be examined by dividing it into steps (Fig. 
4): 


@ The sharply focused beam causes local 
heating and melting, but only a small 
amount of vaporization occurs (Fig. 4a) 
The pressure of escaping vapor forms and 
maintains a small capillary channel and 
pushes the molten material back against 
the walls of the capillary channel (Fig. 4b) 
* The beam penetrates the material by 
means of this process of vaporization and 
melting, and a high vapor pressure devel- 
ops when the beam begins to penetrate 
the backing material (Fig. 4c) 
© The high vapor pressure expels the mol- 
ten material on the walls, leaving a hole in 
the workpiece and a small cavern in the 
backing material (Fig. 4d) 


A typical hole cross section is shown in 
Fig. 5. A small lip remains on the entrance 
side of the hole after drilling, but this lip can 
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g an electron beam Fig. 6 ior nickel and cobalt steel olloys 
Table 1 Typical results of electron beam drilling 

“Thickness ү Hole diameter ‘Total number — Cycle time, 

Work material p тт in. ot holes min 
Cobalt alloy steel (mixer disk) 16 0.063 09 0025 2340 30 
CrNiCoMoW steel (combustion 

chamber housing). . 0,043 09 0035 3748 60 
Cobalt alloy steel (spinning head) 3 017025 081 0032 11 766 40 
Inconel 100 (test piece) i 5 — 0060.1 046 — 0018 162 35 
Capper sheet. ; 02 02 0008 254 364 720 
Stainless steel wire clothifoil 

composite(a) . 14 0.043 B2 0.52 1 0.03 


(0) Beam used in trepanning mode 





be removed using standard finishing proce- 
dures if a sharp edge is required. There are 
also some small thermal effects. Electron 
beam drilling produces a recast layer and a 
small heat-affected zone of the order of 
0.025 mm (0.001 in.). 

Backing material is required in electron 
beam drilling to provide high vapor pressure 
1o expel the molten material and leave a 
hole. Backing material also protects interior 
features from being affected by the pene- 
trating beam. The material used for backing 
depends on the workpiece material and the 
geometry. A typical material is called HM/S 
and contains three parts brass powder to 
one part silicone rubber. The silicone rub- 
ber has a 5% T-hardener. This material has 
very little shrinkage, but is not reusable. 
Other backing materials include an epoxy 
brass that is cast in place and a reusa 
wax that is often used when drilling surf: 
enclose blind cavities. All backing materials 
can be easily made by the user. 

Process parameters of electron beam 
drilling include: 














* Voltage constant at 
120 kV) 

* Beam current 

* Pulse duration 

* Lens or focus current 

* Beam deflection 

* Position of the rotation and translation axes 


* Speed of the rotation and translation axes 


(usually kept 


Generally, these parameters are opti- 
mized through trial and error for a particular 
application. Pulse duration and pulse cur- 
rent (beam current) affect the depth and 
diameter of a hole. Pulse duration ranges 
from 0.05 to 100 ms. The lens or focus 
current influences the hole taper, because 
the focal point position in the vertical direc- 
tion determines the actual hole shape (ta- 
pered, straight, or other). 

Deflection coils are used to enable on- 
the-fly drilling. In this operation, the beam 


75° 


is actually deflected during the period of 
pulsing so that the beam and workpiece 
move together during the hole-drilling oper- 
ation. When the pulse has ended, the beam 
jumps back to its original position for drill- 
ing the next hole. 

Drilling speed in EBM is determined by 
hole volume. geometry of the workpiece, 
and duty cycle limitations. Figure 6 shows 
the maximum drilling frequency in terms of 
hole volume. The hole-drilling speeds 
shown in Fig. 6 are based on an optimum 
hole spacing of two diameters. Speeds for 
wider spacings can be calculated assuming 
that the beam can be moved at the rate of 
100 mm/s (4 in./s). Beam power also deter- 
mines drilling speeds. Relative power re- 
quirements to remove equal volumes of 
various metals in equal time. based on alu- 
minum being 1.0, are: 








Material Relative power 
Aluminum. 10 
Titanium 15 
Ironistee! 1% 
Molybdenum. 22 
Tungsten 29 





Workpieces Drilled in EBM. Currently, 
material thickness up to 8 mm (0.3 in.) 
in steel can be drilled for general indus- 
trial application. Material thickness capa- 
bility ranges from 0.05 to 8 mm (0.002 to 
0.3 in.). 

Table 1 shows some results of drilling 
various materials. Electron beam drilling 
can be used on a variety of materials, but 
most of the work to date has been with 
metals, such as stainless steel, nickel and 
cobalt steel alloys, copper, aluminum, and 
titanium. There has been some experience 
with ceramics and artificial leather, and 
theoretically, drilling plastics with EBM is 
also possible. The hardness, ductility, elec- 
trical conductivity, thermal conductivity, 
and melting point of the material are not 





Fig. 7 Holes drilled ot various angles with an electron beam. Courtesy of MG Industries/Steigerwald 








$ 
| 
| 
| 
1 
Ў 
| 











Fi 8 Jet engine combustion chamber housing with 
9. Ө „стоп beam machined holes. Courtesy of 
MG Industries/Steigerwald 


limiting factors when drilling with the EBM 
process. 

Hole Specifications. The holes that can 
presently be obtained range from 0.1 to 1.0 
mm (0.004 to 0.04 in.) in diameter, and work 
is being done to produce holes down to 0.05 
mm (0.002 in.) in diameter. Various shapes 
of holes can be generated. In the longitudi- 
nal direction, cylindrical, tapered, bell- 
shape, and center-bowed holes can be pro- 
duced. In the transverse section, round 
holes are produced. Electron beam drilling 
can achieve hole depth to diameter ratios of 
up to 10:1 or even 15:1 in special cases 
Another unique capability of electron beam 
drilling is that the angle to the surface can 
be quite acute, as small as 20° (Fig. 7). 

Hole tolerances in electron beam drilling 
are quite good. The hole can be located to 
within +0. 1 mm (20.004 in.), and the diam- 
eter of the hole at the narrowest point can 
be held to within 25%, but not less than 
20.03 mm (+0.001 in.). Typically, hole 
centers must be spaced at least two diame- 
ters apart. 


Applications 


EBM applications are almost completely 
confined to drilling. Electron beam drilling 
is useful when many small holes must be 
drilled, or when holes are difficult to drill 
because of hole geometry or material hard- 
ness. The fluid and chemical industries use 
electron beam drilling as a perforating pro- 
cess that produces a multitude of holes for 
filters and screens. 

One aerospace manufacturer uses the 
electron beam process to cut a 13 mm (0.5 
in.) diam circle in a multilayered, stainless 
steel wire cloth/foil composite using high 
linear speeds. However, this use repre- 
sents a very limited application. Experi- 
mentation with electron beam cutting of 





0.5 mm (0.020 in.) motor laminations has 
also been conducted, but not carried into 
production. 

Example 1: Application of Electron 
Beam Hole Drilling. A jet engine combus- 
tor dome is made of chrome nickel cobalt 
molybdenum tungsten steel (Fig. 8). It has 
a 1.1 mm (0.043 in.) wall thickness and 
requires hole diameters of 0.9 mm, +0.05 
mm (0.035 in., 50.002 in.) for cooling 
purposes. The electron beam drilling ma- 
chine is used to provide almost 3800 holes 
in 60 min. 

Example 2: Drilling Holes for a Spin- 
ning Head. In the insulation industry, spin- 
ning heads are required to manufacturc fi- 
berglass. These spinning heads are typically 
made of cobalt alloy steel and have multiple 
holes. Figure 9 shows a spinning head that 
varies in thickness from 4.3 to 6.3 mm (0.17 
to 0.25 in.) and requires 0.81 mm, +0.03 
mm (0.032 in., +0.001 in.) diam holes. In 40 
min, 11 766 holes are drilled in this material. 
This is 100 times faster than electrical dis- 
charge machining and 20 to 100 times faster 
than laser drilling. 

















Advantages and 
Disadvantages 


The advantages of electron beam drilling 
are: 


* Drilling rates up to 4000 holes/s 

* Drills in many different configurations 

* No limitations imposed by the hardness, 

thermal capacity, ductility, electrical 

properties or surface properties (reflec- 

tivity) of the workpiece 

No difficulty encountered with acute an- 

gles 

No mechanical distortion because no 

force is imparted to the part during the 

drilling process 

Limited thermal effects because only one 

pulse is required to generate each hole 

and pulse durations are short 

Drilling parameters that are easily 

changed during the drilling of a single 

workpiece, even from row to row of 

holes 

* Capability to maintain high accuracy and 
repeatability +0.1 mm (0.004 in.) for 
position of the hole and +5% for the hole 
diameter 

* No tool wear 

* The best obtainable finish, compared to 
other processes (some finishing may be 
required to remove the slight rounding on 
the entrance side) 
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Spinning head, used to produce fiberglass, 
Fig. 9 (5 Courtesy of MG Industries/Steigerwald 


ө Relatively low operating costs compared 
to other processes used to obtain very 
small holes 


The disadvantages of electron beam drill- 
ing are: 


* High capital equipment cost 

* Unavailability at the present time in the 
United States from an independent job 
shop. but Steigerwald Strahltechnik in 
West Germany can provide job shop ca- 
pability 

Some nonproductive pumpdown time in 
the drilling cycle. However, the pump- 
down time is generally small compared to 
the total drilling time 

The presence of a thin recast layer be- 
cause electron beam machining ther- 
mal process, which may be a consider- 
ation in some applications 

Requirement for operator skill to run 
EBM machines, although the use of a 
computer numerically controlled system 
does ease this task considerably 

ө Necessity for auxiliary backing material 
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Laser Beam Machining 


Dana Elza and Gene White, Coherent General 


LASER BEAM MACHINING (LBM) 
removes, melts, or thermally modifies a 
material by focusing a coherent beam of 
monochromatic light on the workpi The 
LBM process does not involve mass mate- 
tial removal, but does provide rapid mate- 
rial removal with an easily controlled, non- 
contact, nonwearing tool. The LBM 
process also places minimal demands on 
workpiece fixturing in cutting operations 
and performs a variety of other metal pro- 
cessing functions such as drilling, welding, 
marking, and heat treating. The effective- 
ness of LBM in a particular appli 
depends on the pulsing and focusing of the 
beam and on the reflectivity, absorption 
coefficient, thermal conductivity, specific 
heat, and heat of vaporization of the work- 
piece. 

The greatest use of lasers is in metal 
cutting, primarily two-axis profiling of sheet 
goods that might otherwise have been 
blanked out by punch press or fabricated by 
hand after laborious layout of the pattern. 
Currently, most metal cutting falls within 
9.5 mm (0.375 in.) and thinner, although 
CO, lasers are now competitive with plasma 
arc cutting for metal thicknesses of 13 mm 
(0.500 in.) and greater. The principal factor 
in the use of laser metal cutting is manufac- 
turing methodology. Laser cutting is ideal 
for batch processes, just-in-time, or low- 
lo-medium volume production. Most laser- 
cutting work is performed on generic or 
multipurpose material handling systems, as 
opposed to dedicated automation controlled 
systems. 

Generally, there is a clear-cut reason for 
using one type of laser over another. Car- 
bon dioxide lasers are capable of delivering 
much higher average power than Nd:YAG 
lasers. As such, CO, lasers can cut faster 
and produce deeper weld penetration than 
Nd:YAG lasers. Pulsed Nd:YAG lasers de- 
velop a high pulse energy that allows per- 
cussion drilling and the cutting of metals at 
angles and thicknesses not possible with 
CO, lasers. There are some applications— 
spot welding and hole cutting, for example— 
where either laser type can provide ac- 
ceptable results at comparable speeds. Ca- 
pabilities and operating ranges for CO, and 
Nd:YAG lasers are shown in Tables | and 
2: 






























Laser welding is becoming increasingly 
used in both low-volume specialty produc- 
tion and high-volume assembly operations. 
Laser welding operations are typically more 
dependent on lengthy process development 
than are cutting applications. Often parts 
are specifically designed to be laser welded. 
Laser welding generally requires more pre- 
cise part fit-up than arc welding processes. 
While most laser welding is autogenous, 
that is, without added filler metal, it is 
becoming apparent that the addition of filler 
metal to bridge gaps or to act as a buffer 
when joining metals has great potential. 


Equipment 

The principal lasers used in metal pro- 
cessing are the neodymium-glass (Nd: 
glass), the carbon dioxide (СО,). and the 
neodymium-doped yttrium aluminum gar- 
net (Nd:Y AG) lasers. In some instances, 
the same laser can perform cutting, weld- 
ing, marking, and heat-treating functions by 
varying the energy density, focus (spot 
size), and pulse duration. Other lasers with 
wavelengths outside of the infrared spec- 
trum have also been used in material pro- 
cessing. Excimer lasers, for example, pro- 
duce energy in the ultraviolet spectrum and 
are being successfully used in the microma- 
chining of thin metal sections, as well as 
metal marking appli 








Nd:YAG lasers have wavelengths of 1.06 
pm (4.17 pin.) and can operate in either a 
pulsed or continuous-wave (CW) mode, but 
not both. Pulse frequency is limited by the 
maximum power rating, and ranges from | 
to 10000 pulses per second. The pulse 
energy for Nd: Y AG lasers ranges from 5 to 
80 J per pulse, although pulse energies as 
high as 100 J per pulse can be obtained with 
an oscillator-amplifier in the resonator. 
Most industrial types of Nd:YAG lasers 
have an average output power of 100 to 400 
W, but larger lasers with 500 W average 
output power are also available. 

CO, lasers have wavelengths of 10.6 ym 
(41.7 шіп.) and are capable of delivering a 
much higher average power than are the 
Nd:YAG lasers. The typical average output 
power of a CO, laser in the continuous- 
wave (CW) mode is 250 to 5000 W. In 
pulsed operations, average output power is 
reduced. The average output power when 
cutting metals with a CO, laser in the pulsed 
mode ranges from 100 to 2000 W. 

Carbon dioxide lasers are available in 
two designs, the axial-flow laser and the 
transverse-flow, or gas transport, laser. 
Axial-flow CO, lasers may be either fast- 
flow or slow-flow types. Fast axial-flow 
lasers can achieve 600 W/m (180 W/ft) of 
tube length and have an average power up 
to 5000 W. The slow-flow axial-flow CO; 
laser is limited to 100 W/m (30 W/ft) of 


























Table 1 Process capabilities of CO, lasers by power range 
200-300 W 0-500 W 500-800 W 800-1500 W 1500-3000 23000 W 
Scam welds, spot welds, maximum 
penetration. mm (in.) . . 0.75 13 20 32 64 19.0 
(0.030) — (6.050) (0.080) (0.125) (0.250) ^ (0,750) 
Cutting, maximum thickness, mm n)... 1.5 5.0 9.5 12.7 19.0 25.0 
(0.060) — (0.20 — (0375) (05%) 40750) — («1.00 
Heat treating case depth, mm (in.) ... + - 0.75 13 13 13 
(0.030) — (0.050) (0.050) (0.050) 
Cladding, surfacing, glazing. annealing... . Yes Yes Yes Yes 
Table 2 Process capabi s of Nd:YAG lasers by power range 
=100 W 150-200 W 200-400 W 
Microwelding, soldering, marking ........................... YES 
Scam welds, spot welds, maximum 
penetration, mm (in.) 1.3 (0.050) 2.0 (0.080) 
Cutting, maximum thickness. mm (i 5.0 (0.2) 38 0.5) 
Drilling, maximum thickness, mm (i 5000.2) 38 (1.5) 
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Laser 


Fig. 1 schematic of loser beam cutting with a gas jet 


tube length and to less than 1500 W of 
average output power. Most axial-flow 
CO, lasers can be operated in either the 
CW or the pulsed mode. Pulse frequencies 
range from 1 to 10 000 pulses per second. 
Transverse-flow CO, lasers operate only 
in the CW mode, although the beam can be 
modulated with a beam chopper. Trans- 
verse-flow CO, lasers are used when com- 
pact medium-power lasers are needed or 
when high powers are required. Average 
powers range from 2500 to 15 000 W. 
Gas-assisted laser beam machining 
(Fig. 1) may be used in cutting, welding, and 
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heat-treating operations. The gas type can 
be oxygen, inert gas, or air, depending on 
material type and quality requirements. The 
gas device is designed to produce either a 
columnar or diffuse flow of gas, depending 
on the process. In cutting operations, a 
coaxial, columnar flow of gas is used to 
purge molten metal from the cutting area. In 
welding operations, a diffuse flow of gas is 
used. 

A lens is used to focus the laser beam on 
the workpiece surface. Short focal length 
lenses provide small focus spot sizes and 
high power density. Long focal length lens- 
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Fig. 2 Drill time with a Nd:YAG laser. Workpiece: Inconel 718; pulse energy, 40 J 
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es provide narrow beam convergence an- 
gles, which are necessary to penetrate thick 
metal sections. Initial beam diameter is an 
important consideration in lens selection. 
Power densities and depth of focus can 
change with different beam diameters. 


Laser beam drilling is done either by 
percussion drilling or trepanning. Percus- 
sion drilling is used for producing relatively 
small holes (<1.3 mm, or 0.050 in., in 
diameter) through metal sections up to 25 
mm (1 in.) thick. While holes less than 0.25 
mm (0.010 in.) in diameter can be produced 
by percussion drilling, the maximum metal 
thickness for small holes is limited. Holes 
greater than 1 mm (0.04 in.) are usually 
made by trepanning. 

Percussion drilling is most often per- 
formed with Nd:YAG lasers because of 
their higher energy per pulse. The laser is 
operated in a pulsed mode with each pulse 
removing a certain volume of metal. As 
metal thickness increases, the range of hole 
diameter decreases. Energy is transmitted 
to the bottom of the hole by the laser beam 
being reflected off the inside walls of the 
hole. The operating parameters of concern 
in percussion drilling are ussed below. 

Power. Percussion drilling is accom- 
plished using average power ranging from 
less than 100 to 250 W. Drill times at 40 J 
per pulse for various power levels are illus- 
trated in Fig. 2. 

Pulse length is selected to optimize the 
quality of the hole. Shorter pulse lengths 
may limit the maximum energy achievable 
in a single pulse. Typical drilling pulse 
lengths range from 0.5 to 2 ms. 

Pulse frequency is determined by opti- 
mizing throughput and quality require- 
ments. Pulse frequency used for percussion 
drilling ranges from 5 to 20 Hz with Nd: 
YAG lasers and up to 100 Hz with CO, 
lasers. 

Pulse energy required is fundamentally 
determined by material thickness, composi- 
tion, and hole diameter. Higher pulse ener- 
gy also provides faster drilling rates, but can 
be detrimental to hole quality. 

The focusing lens determines the spot 
size, which corresponds to the desired hole 
diameter. The spot size is equal to the hole 
size in thinner metals («6 mm, or 0.25 in., 
thick). As metal thickness increases, the 
range of hole diameters that can be percus- 
sion drilled decreases. Thicker metals and 
larger holes dictate the use of longer focal 
length lenses. Focal lengths usually range 
from 100 to 250 mm (4.0 to 10.0 in.). 

Focal position can be optimized above, 
below, or on the surface of a workpiece, 
depending on the desired results. Most of- 
ten, the focus lies below the surface at a 
depth that is 5 to 15% of the metal thick- 
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ness. The best focus for a desired result is 
most often determined empirically after 
evaluation of hole quality. Hole quality is 
determined by roundness, taper, recast, and 
microcracks. 

Gas Jets, Percussion drilling can be ac- 
complished with or without a gas jet. If no 
gas jet is used, an alternative lens protection 
method must be employed. Oxygen can be 
used to produce an exothermic reaction 
with many metals. Exothermic percussion 
drilling provides more efficient metal re- 
moval. Air or inert gas can also be used in 
percussion drilling. Nozzle orifice diame- 
ters and standoffs are larger for percussion 
drilling than those used for cutting (or for 
trepanning, which is essentially a cutting 
operation). Nozzle designs vary, but typical 
orifice diameters for percussion drilling 
range from 2.5 to 6 mm (0.10 to 0.25 in.). 
Nozzle standoffs range from 4 to 40 mm 
(0.15 to 1.5 in.). 

Trepanning is commonly performed with 
both CO, lasers and Nd:YAG lasers. 
Trepanning requires a percussion-drilled pi- 
lot hole and is performed by translating 
either the workpiece or the focusing optic 
(typically with circular interpolation of two 
or more axes of motion). Metal thickness 
range is the same as percussion drilling. 
However, as metal thickness increases. 
process speeds decre: ‘Trepanning is es- 
sentially cutting and can be performed by 
operating the laser in the CW or pulsed 
mode. The operating parameters of concern 
in trepanning are given below. 

Power is established at the level needed 
to maximize throughput rates. Average 
power is determined by laser design and the 
maximum rate at which the part and/or 
beam can be translated without loss of 
specified tolerances. 

Pulse length is selected by the quality 
requirements, material composition, mate- 
rial thickness, and laser type. Pulse lengths 
are increased as material thickness in- 
creases. Pulse lengths used with both CO; 
and Nd:YAG lasers are generally less than 
2.0 ms. 

Pulse frequency defines the process rate 
at which a matei ‘an be trepanned. Low- 
er pulse frequencies are typically used as 
metal thickness increases. 

Lens focal length is determined by mate- 
rial thickness. Longer focal length lenses 
are used with thicker material or when 
power density drops below the level re- 
quired to overcome surface reflectivity. 
Lens focal lengths are similar to those used 
for percussion drilling, although CO, lasers 
require a focal length of 125 mm (5 in.) or 
shorter for trepanning. 

A coaxial gas jet is used to facilitate 
trepanning of holes. Gas type and pressures 
vary, depending on material. Oxygen gas is 
used to promote an exothermic reaction, 
which improves process efficiency. Inert 
gas is used when an oxide free layer is 
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Fig. З Cutting rotes for a 1250 W CO, laser 


desired. Air can also be used if it produces 
acceptable quality holes. Gas pressure 
mainly affects the quality of the trepanned 
holes. Oxygen pressures range from 100 to 
350 kPa (15 to 50 psi). Inert gas and air 
pressures range from 200 to 620 kPa (30 psi 
to 90 psi). Nozzles are used to constrict and 
direct the gas flow. Nozzles vary in design, 
but typical orifice openings range from 0.75 
to 2.5 mm (0.030 to 0.100 in.) for trepan- 
ning. Nozzle standoff varies from 0 to 15 
mm (0 to 0.60 in.) depending on laser type, 
nozzle design, and gas flow rates. Nozzle 
stand-off with Nd: Y AG lasers is 5 mm (0.20 
in.). 


Cutting 


Cutting can be accomplished by a laser 
operating in either a CW or pulsed mode. 
With CO, lasers, the CW mode is used for 
thicker metal sections, while the pulsed 
mode is used for thinner metal sections. 
Pulsed high-power Nd:Y AG lasers are used 
to cut thick sections of superalloy metals. 
Lasers are also used to cut hard workpieces 
with low electrical conductivity, which can- 
not be cut by electrical discharge machining 
(EDM). Solid cubic boron nitride (see the 
article *"Ultrahard Tool Materials" in this 
Volume), for example, is cut with lasers 
instead of by EDM. 

Cutting with lasers is accomplished with 
CO, and Nd:YAG lasers. More often, cut- 
ting is done with CO, lasers because of the 








faster cutting rates. Typical cutting rates for 
a 1250 W CO, laser are illustrated in Fig. 3. 

The process variables in laser cutting are 
described below. 

Average power for cutting with a CW 
CO, laser is typically 250 to 5000 W. In the 
pulsed mode, lower average powers can cut 
metal because of higher peak instantaneous 
powers. The power ranges for cutting metal 
in the pulsed mode range from less than 100 
to 2000 W for CO, lasers. Cutting with Nd: 
YAG lasers is accomplished with a power 
range of less than 100 to more than 400 W. 

Pulse length is selected to optimize the 
quality of the cut surface. Shorter pulse 
lengths (<0.75 ms) are used for the intricate 
cutting of thin metals. Shorter pulse lengths 
may limit the maximum energy achievable 
in a single pulse. Longer pulse lengths (up 
to 2 ms) provide greater pulse cnergies, 
allowing thicker metals to be cut. Similar 
pulse lengths would be used for both CO, 
and Nd:YAG lasers. 

Pulse frequency is adjusted to give the 
maximum cutting speed for the quality re- 
quired. In general, higher frequencies are 
used to cut thinner metals. For CO, lasers, 
higher frequencies range from 200 to 500 
Hz. In Nd:YAG lasers, higher frequencies 
range from 30 to 100 Hz. Lower frequencies 
are used to cut thicker metal sections. 

Pulse energy needed in cutting is related 
to material thickness. As metal thickness 
increases, greater pulse energy is required. 
In practice, CO, lasers deliver maximum 
pulse energies up to 2 J at longer pulse 
lengths and lower pulse frequencies. Nd: 
YAG lasers can produce much higher pulse 
energies up to 80 J with pulse frequency 
limited by the maximum power rating of the 
laser. 

Lens choice is based on metal thickness, 
composition, and quality requirements and 
on beam diameter. Wider kerf widths are 
obtained by using longer focal length lenses, 
and some materials, such as aluminum, 
require a larger kerf width for good results. 
The following guidelines are for beam diam- 
eters from 13 to 25 mm (0.5 to 1 in.). 

For CO, lasers, a general rule is to use a 
65 mm (2.5 in.) focal length for cutting 
metals up to 6 mm (0.25 in.) thick. A 125 
mm (5 in.) focal-length lens can be used for 
metals from 5 to 15.8 mm (0.2 to 0.625 in.) 
thick. A 190 or 250 mm (7.5 or 10 in.) lens 
can be used for materials thicker than 13 
mm (0.5 in.). 

Typical lenses for Nd:YAG lasers have 
focal lengths of 100 mm (4 in.) for metals 
thinner than 3 mm (0.125 in.). For cutting 
metals up to 25 mm (1 in.), the focal lengths 
range from 150 to 250 mm (6 to 10 in.). 
Thicker metals require even longer focal 
lengths. 

Gas jets provide a coaxial, columnar flow 
of gas through the cut slot to remove molten 
metal. The gas type can be oxygen, inert 
gas, or air depending on material type and 
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Fig. 4 
quality requirements. Oxygen is most com- 
monly used for cutting steels. When an 
oxide-free surface is desired, an inert gas, 
such as helium, is used. 

Gas pressures for oxygen range from 100 
to 350 kPa (15 to 50 psi), while pressures for 
inert gases range from 200 to 620 kPa (30 to 
90 psi). Typical nozzle orifices range from 
0.75 to 2.5 mm (0.030 to 0.100 in.). Nozzle 
standoff, depending on laser type, nozzle 
design, and gas flow rates, varies from 0 to 
1.5 mm (0.0 to 0.06 in.) for CO, lasers and 
up to 5 mm (0.200 in.) for Nd: Y AG lasers. 
Nozzle standoff and gas pressure to a large 
degree determine the quality of the cut. 
Using a CO, laser, a clean cut (oxide free 
and dross free) can be achicved in thinner 
sections of metals such as stainless steel, 
aluminum, or titanium when using inert 
coaxial gas at 620 kPa (90 psi) with mini- 
mum nozzle standoff. 





Laser Welding 


The high energy density achievable with 
lasers can produce a keyhole vapor cavity 
that allows for deep-penetration, high as- 
pect ratio weld nuggets. Lasers can also be 
uscd in more conventional power density 
ranges that yield conduction welds of lower 
uspect ratio. 

Process Parameters. Laser welds can be 
produced in either the CW or pulsed mode, 
With the selection being determined by ma- 
terial type, thickness, and joint design. The 
welding can be accomplished with cither 
CO, or Nd:YAG lasers in either the CW or 
pulsed mode. Weld penetrations for various 
power levels and feed rates are shown in 
Fig. 4. The operating parameters of concern 
in laser welding are given below. 

Power is the determining factor for max- 
imum penetration and feed rate obtainable. 
CO, lasers produce higher average power 
than Nd:YAG and therefore can achieve 
deeper penetration welds at greater rates. 
Welding is performed by CW or pulsing 
depending on metal composition, weld 
type, and process speed. 


Pulse length is selected to achieve melt- 
ing and to control the cooling rate. Welding 
pulse lengths for Nd:Y AG lasers vary from 
2 to 10 ms. Welding pulse lengths for со, 
lasers vary {тот <0.5 to 5 ms. Longer 
pulse lengths are selected to reduce the 
solidification stresses by slowing down the 
cooling rate in more crack-sensitive alloys. 

Pulse frequency in welding determines 
process speed, percent of overlap, and cool- 
ing rate. Overlaps vary from 40 to up to 70% 
in hermetic sealing. Cooling rate require- 
ments are a function of material composi- 
tion and mass. 

Pulse energy for welding is lower than for 
laser metal removal processes. Laser ener- 
gies for CO, usually range in fractions of 
joules, while the Nd:Y AG laser range may 
exceed several joules. Higher energy levels 
disturb the weld pool. 

Lens considerations include power densi- 
ty required to achieve the needed penetra- 
tion, joint type, and fit-up, as well as shield- 
ing and lens protection techniques. Joint 
design with poor fit-up or critical alignment 
can be accommodated by the use of a longer 
focal length lens. When the welding of met- 
als creates excessive weld spatter, longer 
focal length lens are recommended to in- 
crease lens service life. For CO, lasers at 
subkilowatt power levels, a lens with a focal 
length of 125 mm (5 in.) is. primarily used. 
Multikilowatt CO, lasers primarily use 125 
mm (5 in.) or greater focal lengths. Nd: Y AG 
lasers generally use focal lengths of 63 to 
200 mm (2.5 to 8 in.) for laser welding. 

Beam oscillations, either circular or lin- 
ear, are used to overcome poor fit-ups and 
produce low aspect ratio welds. Filler metal 
additions, in the form of wire, powder, or 
preforms, are used to bridge gaps and to 
alter weld composition for improved weld- 
ability. 

A gas jet (or lens shroud) is used to 
protect the focusing lens from spatter and to 
direct a diffuse gas flow to protect weld 
pools from the atmosphere. Some welds 
require a trailing shield of inert gas or gas 
mixture to protect the weldment from con- 
tamination. The orifice of gas jet nozzles in 
welding operations is commonly 2.5 to 6.4 
mm (0.100 to 0.250 in.) in diameter. Nozzle 
standoff distances are usually from 3.2 to 
9.5 mm (0.125 to 0.375 in.). Cross-jets are 
used for lens protection when a coaxial gas 
jet causes interference with the reflectie 
focusing optics or the part. Coaxial gas jet 
pressure is low (35 to 100 kPa, or 5 to 15 psi) 
to prevent weld pool disruption. Backside 
shielding techniques are similar to those 
employed in arc welding. 


Surface Treatment 


Surface treatment is the modification of 
metals to produce structures suitable for the 
intended component function. The catego- 
ries of surface treatment discussed are heat 
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treating, cladding, surfacing, glazing, and 
marking. 

Heat treating consists of two processes: 
transformation hardening and annealing. 
Transformation hardening involves the 
modification of the surface physical proper- 
ties of metal by raising the metal tempera- 
ture to a point below the liquidus, followed 
by rapid cooling. This produces a hard 
microstructure. Annealing involves the 
modification of the surface physical proper- 
ties of metal by raising the metal tempera- 
ture to a point below the liquidus, followed 
by controlled cooling. This produces a soft- 
er microstructure. 

The other types of surface treatment are; 


* Cladding: Adding material of a composi- 
tion different from the base metal to 
improve the life of a component 

urfacing: Adding metal of the same or 
similar composition to alter or restore the 
physical dimensions of a component 
Glazing: Altering a metal surface by rais- 
ing the metal temperature to a point 
above the liquidus with conduction and 
radiation of laser energy, thereby remov- 
ing surface defects and modifying the 
microstructure 

Marking: Altering a metal surface either 

by metal removal or superficial alteration 

to produce a legible, contrasting image 








Process Variables. A wide range of pro- 
cess variables are used in surface modifica- 
tion. Many ancillary devices are needed to 
produce the desired surfaces, including spc- 
cial optics, powder, or wire fecd mecha- 
nisms, and preheating and/or postheating 
elements. Some of the process variables are 
described below. 

Power needed for various surface modifi- 
cations ranges from below 20 W to well 
above 10 kW. Heat treating, surfacing, clad- 
ding. and glazing are accomplished with 
power levels of 500 W or greater. Transfor- 
mation hardening or annealing with higher 
power levels does not increase treatment 
depth, but does increase the surface area 
that can be modified in a single pass. The 
marking of metals is usually accomplished 
with Nd:YAG lasers, with average power 
levels ranging from 20 to 75 W. Marking can 
be achieved in the CW or pulsed mode. 

Pulse parameters, such as pulse length, 
frequency, and energy, vary greatly in sur- 
face modifications. Heat treating, surfacing, 
cladding. and glazing are predominately 
performed with CW CO, lasers. Metal 
marking pulse frequencies range from 500 to 
10 000 Hz, while pulse lengths are approx- 
imately 50 ns in width. 

Focusing lenses and gas jets also differ 
vastly, depending on the desired surface 
treatment. Beam profile intensity is often 
changed optically to yield an even power 
distribution when heat treating. A galvo- 
optic device is a common method of direct- 
ing and focusing the laser beam for metal 
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marking to produce the specified charac- 
ters. Inert-gas chambers are used in many 
cladding and surfacing applications, while 
arc lamps are used to preheat crack-sensi- 
tive alloys to reduce the cooling rate. 

Gas jets may or may not be used in 
surface treatment, Galvo-optic devices used 
in laser marking prohibit the use of any 
nozzle. although a side shield of oxygen can 
be used to enhance the contrast of the mark. 
Inert gas side shields prevent oxidation, 
thereby providing bright. shiny characters. 
Heat treating, cladding, and surfacing may 
use water-cooled nozzles for prolonged life, 
especially in a preheating and/or post-heat- 
ing environment. Nozzle design may incor- 
porate a powder delivery mechanism in 
cladding and surfacing operations. 


Future Developments 


Developments in laser technology today 
are being directed toward meeting require- 


ments identified by users of earlier lasers. 
Beam quality (analogous to tool sharpness) 
has improved, particularly with higher 
power CO, and Nd:YAG lasers. Better 
beam quality at higher power is providing the 
ability to cut thick metals with finishes once 
thought not Advanced design 
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Nd:YAG lasers have cut high nickel alloys 
up to 50 mm (2.0 in.) thick at speeds greater 
than electrical discharge machining. Better 
beam quality at higher power produces deep 
penetration welds with very low aspect 
ratios. 





systems are also chang- 

bles are being used with 
Nd:YAG lasers to simplify laser beam de- 
livery. Robotic devices are being designed 
specifically for integration with lasers and 
will soon be operating in automated assem- 
bly lines. Vision systems and seam tracking 
devices are beginning to show promise as 
means to process parts with unpredictable 
geometry. 





Appendix: Laser-Enhanced Etching 


Laser-enhanced etching is a photochemi- 
cal process that generates micron-sized or 
submicron-sized patterns on the surfaces of 
metals. ceramics, and semiconductors. In 
i a workpiece is enveloped in 
seous or liquid etchant, and the 
surface of the workpiece is irradiated with a 
focused laser beam. The etching action oc- 
curs when the focused laser beam produces 
either photolysis or a thermal effect in the 
etchant near the surface of the workpiece. 
This photoetching process. although con- 
fined primarily to research investigations. 
represents a potential technique for gener- 
ating patterns without contact masks or, in 
some cases, without external biasing of 
electrolyte solutions. 

Methods and Mechanisms. The laser 
initiates or enhances the reaction between 
the workpiece and the etchant by photoly- 
sis. a thermal effect, or a combination of the 
two. In those cases in which gas is used as 
an etchant, photolysis is the mechanism of 
laser-enhanced etching. The laser radiation 
excites or dissociates the gas molecules into 











chemically active constituents, which then 
diffuse to and react with the surface of the 
workpiece. 

‘Thermal effects are the predominant 
mechanism when the workpiece is the an- 
ode in an electrolytic cell. This etching 
process, which is similar to the additive 
process of laser-enhanced electroplating 
(Fig. 5), has been described as a thermal 
effect in which the enhancement is attribut- 
ed to the temperature increases and thermal 
gradients produced by the absorption of 
laser light by the workpiece. These pyro- 
lytic etching processes are inherently iso- 
tropic in action and are resolved over di- 
mensions no smaller than a thermal 
diffusion length. 

There are also methods of laser-enhanced 
etching that use liquid etchants but no ex- 
ternal bias or electromotive driving sources 
(Ref 3-5). These methods involve photocat- 
alyzed electrochemical dissolution of the 
workpiece, although some of the methods 
also induce melting (Ref 4, 5). Each of these 
methods utilizes different etchant solutions. 
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Bromine and iodine etchants are used 
in one method of laser-enhanced etching 
(Ref 3). Photocatalyzed etching can occur 
without an external bias, and the process is 
expected to achieve submicron resolution. 

Potassium hydroxide etchants have 
been used in the laser-enhanced etching of 
(111) silicon and an alumina-titanium car- 
bide ceramic (Ref 4). This method differs 
from other etching schemes in that laser 
irradiation causes local melting and some 
vaporization while the workpiece is sub- 
merged in the liquid etchant. 

Neutral salt solutions also have been 
considered an etchant in laser-enhanced 
etching (Ref 5). This technique demon- 
strates the ability to perform laser-enhanced 
etching without the use of corrosive acidic 
or alkaline solutions. Experiments with a 
sodium nitrate neutral salt solution indicate 
that melt or near melt temperatures are 
required to obtain etching. 
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Thermal Energy Method 


Thomas Fisher, Surftran, Division of Robert Bosch Corporation 


THE THERMAL ENERGY METHOD 
(TEM) of deburring was introduced in 1970 
às a method of deburring and deflashing 
parts by the application of intense heat. The 
thermal energy method can remove even 
the largest burrs in less than 20 ms, and it 
removes all burrs simultaneously. This 
method produces repeatable results and can 
be automated. 

Principles of Operation. Parts to be pro- 
cessed are loaded in bulk or in fixtures (Fig. 
1), and the basket or fixture containing the 
parts is indexed into position in line with the 
Chamber (Fig. 2). The lower closure on 
which parts are located is lifted by a ram 
and toggle, pressing it with 2200 kN (250 
tonf) of force to the upper chamber and 
sealing the chamber. A fuel mixture of 
natural gas and oxygen is then injected into 
the chamber under pressure. The initial fire 
or heat is supplied by an ignition system in 
the form of a spark from an ignitor. The 
spark causes the combustible gas mixture to 
ignite, and all the fuel gas is consumed in 
approximately 2 ms to form a 3300 *C (6000 
°F) heat wave. 

The heat wave hits everything within the 
chamber. it hits the water-cooled walls of 
the chamber, the parent metal of the part or 
parts, and the burrs within blind holes, 
external edges, and intersecting holes (small 
or large) that cannot be reached by hand. 
The main body of a part becomes warm 
(usually under 150 °C, or 300 °F), while the 
flash or burrs (having less mass per surface 
area) heat up instantly and burst into 
flames. Heat created by the burning of fuel 
gas thus triggers the start of a second fire of 
the burr material itself. Because there is an 
abundance of oxygen in the initial fuel mix- 
ture, burrs will continue to burn until the 
heat is dispersed throughout the main body 
of the part. 

In each case, the metal combines with 
oxygen to form the oxide of the metal that is 
present. This metal oxide settles on the 
chamber walls, the fixturing or baskets, and 
the surface of the part. The oxides can be 
removed from the parts with an aqueous 
solution. In the case of steels that will later 
be heat treated, cleaning can be omitted. 
For zinc (which is dichromated), aluminum 
(which is anodized), or brass (which is brite 
dipped), additional cleaning is not neces- 





Parts loaded in baskets or fixtures for TEM. (a) A typical bulk run. (b) A nest-type fixture for nick-free 
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Fig. 4 cast iron housing before TEM (left) and after TEM (right) 


sary. In the case of inexpensive compo- 
nents, the oxides are sometimes simply left 
on the parts. 

Capabilities. The thermal energy method 
is effective on many noncombustible ma- 
terials, such as ferrous and nonferrous 
metals, plastics, and rubber, The process 
requires more energy to deburr corrosion- 
resistant metals than unalloyed metals. The 
second fire extinguishes because of heat 
flowing into the component; therefore, 
materials that are better heat conductors 
cause the fire to extinguish sooner than 
poor conductors. As a result, it is easier to 
obtain an edge break or a radius on a poor 
conductor, such as steel or cast iron, than 
on a relatively good heat conductor, such 
as brass. 

The thermal energy method can instantly 
remove fingernail-size burrs as thick as 0.5 
mm (0.020 in.) under ideal conditions. Ideal 
means that the component has no sections 
thinner than 15 times the thickness of the 
largest burr and that it is capable of sustain- 
ing the detonation without damage. 

Figure 3 illustrates the capabilities of 
TEM on a bearing race. This method is 
equally effective on large and small parts. 
Figure 4 shows a cast iron housing before 
and after TEM. 

Limitations. Many deburring processes 
remove the flash formed in a casting or die 
casting process. The thermal energy meth- 
od is also used to remove flash, although it 
will not remove parting line flash entirely 
because the second fire extinguishes as the 
flash widens at its root. Unlike a burr, flash 
is wider at its root than at its tip. The tip of 
the flash ignites in TEM, but the heat flow 
into the body of the part is different in flash 
from that in burrs. Therefore, TEM might 
leave a rounded lump where the root of the 
flash was located. Also, the thermal energy 
method does not buff or polish surfaces. 

Another limitation of TEM is the shock 
effect of the heat waves. The heat wave can 
cause distortion in thin or fragile parts, but 
in some cases the problem can be solved 
with fixturing. Figure 1(Ъ) shows a typical 
nest-type fixture that can be used to solve a 
distortion problem or to keep the parts from 
bouncing and hitting one another. 














Chemical M 


CHEMICAL MILLING (CM), also 
termed chem milling, chemical machining. 
chemical contouring, and chemietching, is 
a method of processing structural metal 
parts by controlled chemical etching. The 
process either thins the parts in specific 
areas or removes metal from all surfaces. 
Areas from which metal is not to be re- 
moved are protected by special coatings 
termed maskants or masks, and parts are 
etched by immersion in a tank of etchant. 
The process is rarely electrically assisted. 
Most of the process applications arc for 
producing parts with high strength-to- 
weight ratios. 

Chemical milling differs from chemical 
blanking, which involves the etching of very 
thin metal parts in spray chambers. Chem- 
ical blanking etchants are mild compared to 
those used most often in the chemical mill- 
ing process. The photosensitive resists most 
frequently used for masking in chemical 
blanking facilitate the etching of very intri- 
cate and close-tolerance patterns. Parts are 
normally completely perforated in etched 
areas, similar to mechanically blanked 
parts, rather than etched to a given final 
thickness, as in chemical milling. The arti- 
cle “Photochemical Machining" in this Vol- 
ume gives a more detailed description of 
chemical blanking. 

Chemical milling services are offered on a 
subcontract basis by a small group of spe- 
cialized companies. Most of the large aero- 
space manufacturers also have CM facili- 
ties, although many of them perform 
chemical milling of aluminum only. The 
most complex etching processes and the 
most sophisticated scribing technology are 
not widely available. The birth of this tech- 
nology as a machining process is credited to 
Manuel C. Sanz, who, as an engineer with 
North American Aviation in 1953, resolved 
an urgent weight problem on a missile cas- 
ing by chemical etching. A more detailed 
account of the history and technology of the 
process is given in Ref 1. Today chemical 
milling is an accepted and widely applied 
process within the aerospace industry, with 
major applications in military and commer- 
cial airframes, launch vehicles, turbine and 
rocket engines, helicopters, and missile 
There are very few nonaerospace, commer- 
cial applications. 
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Equipment and 
Process Characteristics 


The two key materials used in the chem- 
ical milling process are the etchant and the 
maskant. Etchants are acid or alkaline so- 
lutions maintained within controlled ranges 
of chemical composition and temperaturc. 
Maskants are specially designed clasto- 
meric products that are hand strippable and 
chemically resistant to the harsh etchants. 

Virtually all metals used in the aerospace 
and commercial metalworking industries 
are chemically milled. Aluminum alloys are 
the simplest to mill chemically. in terms of 
both facility requirements and process con- 
trols. Magnesium and titanium alloys arc 
next hardest, followed by the low-alloy and 
stainless steels. The most difficult to pro- 
cess are the superalloys. 

The steps in the chemical milling process 
for a detailed part (one requiring masking 
and scribing, for example) are: 


е A metal workpiece is cleaned and coated 
with a liquid maskant 

* The maskant is dried and cured 

ө The pattern outline is scribed through the 
mask 

* The mask is peeled away in the areas to 
be etched 

ө The desired reduction in thickness is 
made by immersion in the etchant for a 
controlled period 

ө The preceding two steps are repeated if 
more than one removal step is required 

* The remainder of the mask is removed 

* The part is mechanically benched as re- 
quired 


A simplified flow chart of the principal steps 
is also shown in Fig. 1. Required rinsing, 
drying, and certain other steps specific to 
given metals are not shown in this chart. 
Precleaning. If the part su 
clean prior to maskant application, the ad- 
hesion properties of the maskant may be 
seriously impaired. The most likely prob- 
lems are extremely high adhesion, making 
the maskant very difficult to strip, or very 
low adhesion, resulting in poor line defini- 
tion between etched and nonetched areas. If 
oily contaminants on the part surface are 
the only concern, vapor degreasing or sol- 
vent wiping afford sufficient cleaning. How- 











Overall reductions Detailed parts 











Precleaning Precleaning 
Etching Masking 





1 d 


Final cleaning Scribing 














Recycle for step cuts 


Y. 
Etching 


| 


Final cleaning 


| 


Stripping 




















Y 
Mechanical blending 














Flow chort of principol process steps for 
chemical milling 


Fig. 1 
ever, if surface scale and chemical contam- 
ination arc present from previous handling 
and thermal treatments, they must be re- 
moved by more extensive chemical treat- 
ment. Many standard and proprietary clean- 
ers are available for the various metals. 

Grit blasting is frequently used for clean- 
ing titanium. If coarsc grit must be used to 
remove heavy scale, the resulting rough 
surface finish may require special low-adhe- 
sion maskants that are available. Grit blast- 
ing imparts surface tensions (up to 0.04 mm, 
or 0.0015 in. deep) that are relieved in 
chemically milled areas. This can produce 
warping in light-gage parts. 

Masking. Maskant is most commonly ap- 
plied by immersing the parts into dip tanks 
or covering the parts with hot airless spray 
equipment. Conventional air spraying, flow 
coating, brushing, and roller coating are less 
frequently used. Maskants must provide 
impermeable, chemically resistant coatings 
that can be casily hand stripped before and 
after etching, yet that strongly adhere at cut 
edges during etching. Special so-called top 
coats are often sprayed (or dipped) on top of 
the normal maskant to give it improved 
chemical and abrasion resis 
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Cure of the maskant varies, depending on 
the product and its application. Solvent evap- 
oration normally takes from 4 to 12 h at 
ambient temperatures above 20 *C (70 ^F). 
Oven curing above 50 "C (120 °F) can be used 
to hasten solvent removal. Curing maskants 
above 90 °C (200 °F) usually increases their 
adhesion and chemical resistance. 

The thickness of maskant coatings usually 
varies from 0.2 to 0.4 mm (0.008 to 0.015 in.). 
Top coat applications, when required, range 
from 0.025 to 0.075 mm (0.001 to 0.003 in.). 
Applied to properly cleaned metal surfaces, 
the cured maskant film yields peel adhesion 
values ranging from 7 to 36 g/mm of width (6 
to 32 oz./in. of width), and a tensile strength 
of at least 4000 kPa (600 psi). Higher maskant 
adhesions require increased coating thickness 
and make manual stripping more difficult: 
lower adhesion values increase the likelihood 
of pattern edge failure either from handling or 
during the etching process. 

Carbon adsorption equipment for solvent 
recapture is often installed to meet air qual- 
ity requirements. The solvent is frequently 
returned to the maskant supplier for reuse, 
resulting in a significant cost savings. 

New chemical milling maskants are con- 
tinually being developed, adding to the ex- 
cellent products now available. Product bul- 
letins issued by the manufacturers detail the 
properties, application, and function of the 
maskants. Manufacturers also provide field 
support to customers, as well as tate-of- 
the-art information about the chemical mill- 
ing industry. 

Scribing. The pattern is normally scribed 
through the mask by guiding a scribe knife 
along the edges of a template located precise- 
ly on the part. The mask is then peeled off the 
areas to be etched. When etching to more 
ness is required (step cuts), the 
mask is initially peeled from only the first cut, 
that is, the thinnest final area. All lines are 
normally scribed at this time, but a line-sealer 
is brushed over the scribe lines that will be 
peeled with later cuts, Although this special 
coating keeps the etchant from penetrating 
the scribe cuts, it still allows the maskant to 
be easily peeled. Potential flaws in the coating 
are detected visually and, through the use of 
special electrical flaw detectors, repaired with 
patching compounds or tapes. 

A heated knife is sometimes used for 
scribing soft metals such as alclad, because 
the use of a normal scribe knife could result 
in deep gouging of the metal. The heated 
knife blade melts the maskant, greatly re- 
ducing the amount of hand pressure needed 
to cut through it, and minimizing the danger 
of making cuts too deep. 

Computer-guided lasers are also used for 
maskant cutting. This scribing method is jus- 
tified with relatively simple-shape parts if the 
part quantity is great, or if the scribing pattern 
is complex. Laser scribing is often used when 
producing the novel I-beam land cross sec- 
tion, as described in the following example. 

















Integrally stiffened engine tan and exhaust 
2 ducts 


Fig. 


Example 1: Integrally Stiffened Titani- 
um Engine Ducts. The turbine engine fan 
ducts shown in Fig. 2 were chemically 
milled from 0.250 gage 6AI-4V titanium al- 
loy to produce integral stiffening lands and 
attachment bosses. This design used the 
concept of an I-beam land cross section 
(Ref 2). Previous designs for parts of this 
type were either a skin stringer or a honey- 
comb sandwich structure. 

The structurally efficient I-beam cross 
section is produced by the two-step chemi- 
cal milling procedure depicted in Fig. 3. The 
first milling step, of about one-half the total 
depth, produces an initial radius (Fig. 3b); 
the second step undercuts the first to create 
the I-beam section (Fig. 3d). Computer- 
directed lasers are often used to locate the 
scribe cuts precisely, because exceptional 
accuracy is required to maintain the fin- 
ished dimensions. Of equal importance is 
the control of the cleaning, masking, and 
etchant variables that influence undercut. 

Etching. The etching procedure typically 
consists of immersing stationary parts in à 
tank of etchant. Parts are held by clamps, 
springs, or wires, in a basket or other han- 
dling fixture that is transported in and out of 
the tank. Normally the work is exposed to 
the etchant for only a portion of the estimat- 
ed removal time, remeasured to calculate an 
actual rate, and then returned for a recalcu- 
lated final period of etching. One or more 
extra trips in and out of the tank for remea- 
suring are frequently employed to control 
the removal step more closely. 

Parts with different chemically milled 
thicknesses are easily produced by etching 
in a series of step cuts, requiring that a new 
area of the part be exposed before each of a 
series of etching steps. The thickest areas 
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are usually adjacent to a structure that is 
attached by riveting or welding. The thicker 
areas are often termed lands; they border 
the thinner areas, or pockets. In some cas- 
es, the thickest areas are relatively narrow 
ribs, which impart integral stiffness to an 
otherwise thin skin. It is often a simple 
matter to incorporate tapered areas within 
the part to meet special design require- 
ments. Tapering is done by either immers- 
ing or withdrawing the workpiece from the 
etchant at a controlled, slow rate. 

The etching reaction creates a turbulent 
evolution of gases from part surfaces. In 
conventional immersion etching, the parts 
must be positioned to prevent entrapment 
of these gases in areas to be etched. Rapid 
liquid flow caused by the rising gases can 
produce uneven etching patterns at the 
pocket edges. These process characteristics 
can be minimized by means of careful 
etchant control and by changing the posi- 
tion of the part intermittently during the 
etching process. Better control can be ob- 
tained by continuously changing the part 
position while it is being etched. Part rota- 
tion is a common practice for the chemical 
milling of cylindrical and conical parts made 
from metals other than aluminum. 

Other unconventional methods of etching 
have been employed for special applica- 
tions. Examples are: 


e Spray etching the inside of a rotating tube 

e Spraying or flooding the outside surface 
of a rotating tube (Ref 1) 

е Flowing etchant through tubes 

* Spinning floating tubes or spheres on the 
surface of the etchant 


The following example illustrates an ap- 
plication of spray etching. 

Example 2: Spray Etching a Rotating 
Tube. Cruise missile launch tubes 530 mm 
(21 in.) in diameter, and 6 m (20 ft) long 
have been chemically milled. In this appli- 
cation, the removal of material from the 
inner surface is needed for functional pur- 
poses rather than weight removal, although 
some 111 kg (245 Ib) of material were re- 
moved from each tube. The initial 5.5 mm 
(0.215 in.) wall thickness was reduced to 4.8 
mm (0.190 in.) over an 810 mm (32 in.) 
length and to 4.1 mm (0.160 in.) over a 4200 
mm (165 in.) length. The work-hardenable 
304 alloy and the relatively inaccessible 
inside removal made mechanical milling a 
more costly approach. 

The size and shape of the part made 
normal immersion etching impractical. The 
enclosed part configuration would have re- 
sulted in relatively poor uniformity of metal 
removal and created sizing requirements 
that would be extremely difficult to accom- 
plish. The normal mixed-acid immersion 
etchant generates oxides of nitrogen that in 
this case would have required a special 
fume scrubber. Thus, a spray etching ap- 
proach was used. The closed-off tube itself 
formed the spray chamber, an oscillating 
spray tube was placed at the tube axis, and 
the part was rotated during the spray cycle. 
The etchant used was ferric chloride, com- 
monly used in the chemical blanking pro- 
cess. The advantages of this approach were 
improved uniformity of removal, elimina- 
tion of oxides of nitrogen, and the ability to 
regenerate or sell the spent etchant. 

Etchants. The etchants used for chemical 
milling are usually mixtures of standard 
industrial chemicals and special additives, 
such as wetting agents. Although the 
etchant composition for each alloy and heat 
treat condition may vary, the principles of. 
selection and control are the same for each. 
The main technical goals in etchant devel- 
opment, followed by practical consider- 
ations, are: 

* Good surface finish 

* Good uniformity of metal removal 

* Control of selective and intergranular at- 
tack 

© For titanium alloys, control of hydrogen 
absorption 

* Personnel safety 

* Cost and reliability of materials of con- 
struction required for process tanks 

* Air quality issues 

* Low chemical cost per unit weight dis- 
solved 

е The ability to regenerate the etchant so- 
lution and/or readily neutralize and dis- 
pose of its waste products 








Final Cleaning and Stripping. After 
each etching step. the part is thoroughly 
rinsed. In the case of aluminum, the surface 
is brightened by immersion in a nitric acid 


or deoxidizer solution. Stainless steels are 
normally passivated. Other treatments are 
performed, depending on the specific metal 
and the customer's requirements. After 
etching, the remaining maskant is usually 
peeled off by hand, but occasionally is 
removed by vapor degreaser or other sol- 
vent treatment. 

Mechanical Fi ing. The final manu- 
facturing step is called a hand benching 
operation. Here step mismatches and sharp 
edges are removed by the use of sanding 
and deburring tools. In addition, dimension- 
al requirements beyond the normal process 
capabilities, such as special fillet radii and 
extremely close-tolerance step locations, 
are accomplished in this operation. 











Specifications and Controls 


Important characteristics of a chemically 
milled part, such as its surface texture and 
the amount of hydrogen it absorbs in the 
process, depend on the properties of both 
the metal and the etching solution. The 
optimum etchant for different parts made 
from the same alloy can therefore vary 
substantially because of factors that influ- 
ence grain structure: heat treat condition; 
degree of strain hardening; and the original 
form of the alloy, that is, sheet, plate, 
forging, extrusion, or casting. The exact 
etchant control ranges for the more difficult 
applications are often considered trade se- 
crets, as are certain of the processing tech- 
niques. 

Most large aerospace manufac! 
tain chemical milling specific: 
in-house and supplier processing. A military 
specification, MIL-C-81769, “Chemical Mill- 
ing of Metals,” is available. It covers all types 
of metals to the specifications maintained by 
aerospace companies. 

Definitions of CM Specifications. Some 
features of chemically milled parts are illus- 
trated in Fig. 4. Etching proceeds at approx- 
imately the same rate under the mask as in 
all other directions. The result is a fillet 
radius approximately equal to the cut depth, 
d. The undercut, и, is also approximately 
equal to the cut depth. The etch factor is 
defined as u/d, the undercut divided by the 
depth of cut, the exact opposite of the 
definition used in connection with chemical 
blanking. Unlike conventional machining, 
the fillet is seldom an exact radius and 
should not be defined and measured as 
such. The terms radius as etched and mod- 
ified radius are two blueprint notes fre- 
quently used. 

Chemical milling specifications normally 
define another process characteristic, a 
transition zone that extends beyond the 
base of the fillet, illustrated in Fig. 4(c). The 
part thickness may exceed blueprint toler- 
ance in this area. MIL-C-81769 allows the 
length of this zone to be four times the 
depth of cut for aluminum. and ten times the 
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depth of cut for other metals. For applica- 
tions in which a transition zone would cause 
interference for mating parts, it can often be 
controlled by special procedures. 

The sharp corner edge usually produced 
at the top of the fillet radius is normally 
rounded or chamfered mechanically in à 
subsequent operation. In parts with step 
cuts, the etching action often rounds the 
edges of the earlier steps, as depicted in Fig. 
Ac). 

Lateral Tolerance of Steps. The location 
of the finished step depends on the accuracy 
of scribing and the control of the undercut. 
The initial scribe location depends on the 
tooling or layout accuracy (which is often 
influenced by variables in part contour) and 
careful scribing. The variables that affect 
undercut are: 


© Control of the cleaning and masking steps 

* The amount of dissolved metal in the 
etchant 

* The etchant range 

* The depth of cut 

* The grain direction 

* Positioning and movement of the part 
during the etching step. 


Normal blueprint tolerances for step lo- 
cations range from +0.4 to +0.8 mm 
(50.015 to 0.030 in.) for steps under 3.2 
mm (0.125 in.), to a range of +0.8 to 41.5 
mm (50.030 to +0.060 in.) for cuts over 3.2 
mm (0.125 in). Special methods can produce 
closer tolerances when required. Specifica- 
tions normally allow waviness in the chem- 
ically milled line, as long as sharp notches 
are not present. The undercut allowances 
for tooling or layout purposes can normally 
be estimated with sufficient accuracy from 
data accumulated from previous tests or 
parts of similar nature. The undercut allow- 
ances for step cuts, shown as u' in Fig. 4(b), 
are more difficult to predict and are often 
determined by processing test panels. 
Depth of Etch. There are no basic process 
limitations on the etching depth. Any limits 
are based on cost trade-offs with alternative 
methods of manufacture and the value to 
the customer of the weight removed. 
Etchant costs can be very significant when 
deep cuts are made on large parts. The 
deeper the cut, the more variation in thick- 
ness produced in the etching step, and 
chemical sizing labor is often required to 
meet the final thickness tolerances. 
Thickness Tolerance. In the case of 
chemically milled aluminum sheet metal 
parts, final blueprint tolerances should al- 
low about +0.05 to +0.08 mm (20.002 to 
50.003 in.) more than the thickness varia- 
tion expected in the starting blank. For 
depths of cut over 5 mm (0.200 in.), an 
allowance for chemical milling variation 
should be made, the amount depending on 
the particular application. As a general rule, 
etching removal is much more uniform with 
aluminum than with the other metals. Al- 
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Fig. 4 Design features for chemical milling. (о) Single chemical milling step. (b) Second chemical milling step. (c) 
J- 4 Transition zone of greater thickness adjacent to step 


though parts made from the denser alloys 
should allow wider finished tolerances from 
a producibility standpoint, weight consider- 
ations often dictate even closer thickness 
tolerances than for aluminum. Chemical siz- 
ing is thus a frequent requirement for steel 
and superalloy parts. 

Taper Cuts. Continuous tapers as great as 
0.060 mm/mm (0.060 in./in.) for aluminum 
and 0.010 mm/mm (0.010 іп./п.) for steel 
alloys have been produced on a production 
basis, Step tapers, a series of adjacent steps 
of diminishing thickness, are often used as a 
substitute for continuous tapers. This ap- 
proach can result іп a weight penalty, but it 


also has more design flexibility and is often 
simpler to produce. 

Sheet and Plate Specifications. Special 
attention should be given to the specifica- 
tions for sheet or plate stock to be used for 
ical milling applications. Unlike ma- 
ing, in which completely new surfaces 
are created, the thickness variation and 
surface quality of the incoming material 
strongly contribute to the thickness varia- 
tion and surface quality of the chemically 
milled part. Another extremely important 
i residual stress in the 
procured stock. Minimum residual stress 
{MRS) and chem-mill-quality are terms 








used by the aluminum industry and are 
frequently specified for heat-treated stock 
intended 10 be used for chemically milled 
parts. If the material is to be stretch formed 
before chemical milling, this condition is 
not required. 

Process Defects. The following list of 
process defects (illustrated in Fig. 5) are 
essentially as presented in MIL-C-81769: 


e Channeling: The formation of a channel 
ora groove at the base of the fillet radius. 
Acceptable if corrected mechanically 
with all dimensions within blueprint 

Gas channeling: Vertical grooves or 
channels in the etched surface, resulting 
from gas bubbles rising to the surface. 
Acceptable if corrected mechanically, 
maintaining all dimensions within blue- 
print 

Dishing: Gradual pattern of thinning from 
all edges of an etched pocket to the center 
area. Acceptable if all dimensions are 
within blueprint (the allowance of a tran- 
sition zone adjacent to the fillet area often 
brings this condition within blueprint) 
Pitting: Localized depressions in the 
etched surface is a condition that is not 
acceptable unless pits are mechanically 
blended, with all thicknesses remaining 
within blueprint tolerances 
Overhanging: The presence of overhang- 
ing metal at the top edge of the fillet 
radius. Generally, a 0.05 mm (0.002 in.) 
radius on the top edge is required for 
fighter aircraft; larger radii are required 
for commercial aircraft 

Islands: Local raised areas that result 
from maskant or other material left on the 
surface, preventing etching from taking 
place. Must be mechanically blended 
flush with surrounding area, holding blue- 
print tolerances 

Ridging: The formation of a ridge at the 
base of the fillet, which must be removed 
mechanically, and all blueprint dimen- 
sions maintained 

Fillet notching: Notches at the base of 
the fillet radius, a result of scribing too 
deeply into the metal. Acceptable if the 
etching has made the depression smooth, 
with width greater than twice the depth, 
and if thickness is within blueprint toler- 
ances 


Surface Finish. In chemical milling, the 
exposed metal is dissolved by an alkaline or 
acid etchant. At a microscopic level, the 
chemical attack takes place both at the 
individual grain surfaces and at the grain 
boundaries, usually with different reaction 
rates. The etching mechanism is discussed 
in Ref 1 (see Fig. 6). 

Fine grain size and homogeneous struc- 
ture are necessary if fine surface finishes 
and uniform appearance are to be attained 
on chemically milled parts. Titanium and 
magnesium, chemically milled in the stan- 
dard etchants that produce good uniformity 
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Fig. 5 typical process defects in chemically milled parts 


of removal, produce exceptionally smooth 
surfaces. Most castings and 2000-series alu- 
minum extrusions are examples of metals 
with abnormally large and uneven grain 
structure, and good surface finishes are 
very difficult to in with these materials. 
Typical values for surface finishes produced 
on sheet, forgings, or castings of various 
metals are given in Table |. 
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The microeHect of etching action at the 
surface of a material 


Special etchants can often be developed 
to produce extremely smooth Semirang 
milled surfaces for special applic 
However, this smoothing characteri: 
often gained at the expense of the uniformi- 
ty of metal removal. 

The addition of triethanolamine (TEA) to 
the normal caustic aluminum etchant pro- 
duces a marked improvement in surface finish 
for most aluminum alloys. This discovery was 
disclosed in a patent in 1959 (Ref 3). Graphs 
exhibiting the dramatic effect of the TEA 
component on aluminum surface finish are 
presented in Fig. 7 and 8. Figure 7 shows the 
improvement in surface finish of 2024-T3 and 
7075-T6 samples that had been previously 
chemically milled in a standard etchant. 
Roughness of 3.0 рт (120 шіп.) R, of the 
2024-T3 specimen was reduced to about 1.25 
um (50 pin.) R, with the removal of 0.5 mm 
(0.020 in.). The initial 3.3 ит (130 pin.) R, of 
the 7075-T6 specimen was reduced to 
about 1.25 рт (50 pin.) R, with the remov- 
al of 0.75 mm (0.030 in.). Figure 8 shows 
the results of chemically milling 1.0 mm 
(0.040 in.) from as-rolled stock samples of 
7075-T6 in the standard and the TEA 
ctchants. Micrographs of the fillet area of 
the same 7075-T6 material, chemically 
milled in the two etchants, are shown in 
Fig. 9. The TEA etchant not only improves 
surface finish, but also significantly reduc- 
es the extent of grain boundary attack. 

TEA-base etchants have been commer- 
cially available since the 1970s. A sudden 
increase in the use of TEA-base etchants 
occurred about 1975, when a group of 747 
cargo area skins that had previously been 
metal bonded were redesigned for chemical 
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milling. Since that time, there has been a 
tremendous growth in the number of com- 
mercial airframe applications that specify 
the use of the TEA etchant. 

Intergranular and selective attack are 
inherent problems in the etching of metals, 
but are minimized through proper etchant 
control. Most chemical milling specifica- 
tions allow minor conditions to exist. Mil- 
C-81769, for example, allows 0.008 mm 
(0.0003 in.) at grain boundaries for titanium 
and ferrous alloys, and 0.013 mm (0.0005 
.) at the grain ends (fillet areas). On nickel 
and cobalt alloys, the acceptable limit is 
0.013 mm (0.0005 in.) at the grain bound- 
aries and 0.025 mm (0.001 in.) at the grain 
ends. The acceptable limits for aluminum 
are significantly higher. Monitoring is ac- 
complished by microscopic examination of 
test coupons attached to or etched concur- 
rently with the parts. 


Mechanical Properties of 
Chemically Milled Parts 


With the exception of possible changes in 
fatigue strength due to changes in surface 
texture, and the effect of hydrogen absorption 
in certain alloys, the mechanical properties of 
metals are not affected by chemical milling. 
Stresses are not induced by the process, as 
neither mechanical deformation nor exposure 
to high temperatures is involved. 

When surface layers have different me- 
chanical properties from those of the base 
metal, their removal results in a change in 
the average mechanical properties of the 
finished part. Chemical milling is widely 
used in such instances and frequently 
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Table 1 Surface finishes normally obtained by chemical milling 
Surface finish, R, 
Alloy Form Eichant type T as ie. 
Aluminum 
2024-Т3......... Sheet, plate, forging NaOH + №5 2.5-4.0 100-160 
2024-73 . Sheet. plate, forging NaOH + TEA(a) 1.0-1.5 40-60 
2024-3511. Extrusion NaOH + TEA(@) 20-40 80-160 
7075-76 = Sheet. plate. forging NaOH + Na,S 254.0 100-160 
7075-Т6...... Sheet, plate, forging NaOH + TEA(a) 10-15 40-60 
2219-737. - Sheet, plate HCI 15-25 60-100 
2219-87 .. Sheet, plate NaOH Y 
2209-T8T .. HA + Sheet, plate NaOH 2. 
FIR carnitine . Castings NaOH 
Mild steels 
1010, 1020 «Sheet, plate HNO, 32-50 125-200 
Low-alloy steels 
4130, 4340. Sheet HNO, 10-20 40-80 
4130. 4340............ Forgings HNO, 1.02.0 40-80 
Hoa alloy steels 
Е Sheet HNO,, HCI, HF 60-125 
а ‘steels 
301, 304, 316, 321 Sheet HNO; 30-60 
347 байр sensor Meet HNO, 30-60 
А0 Diea в ВЕЕ HNO; 40-60 
PH steels. 
13-8, 15-7, 17-7. . Sheet HNO., НСІ, НЕ 30-60 
АМ 350, AM 355... Sheet HNO,, HCI, НЕ 30-60 
Superalloys 
HNO,, 100-140 
HNO,, Н 100-140 
HNO,, 60-90 
: HNO,, 60-90 
Hastelloy e; HNO,, 60-90 
Hastelloy X . HNO;. 60-90 
Inconel 600. HNO\, 60-90 
Inconel 62: HNO, 60-90 
Incoloy 90: HNO,, Hi 60-90 
Inconel 718. HNO,, HCI, HF 40-80 
René 41 HNO,, НСІ, HF 40-80 
Waspaloy HNO,, HCl, НЕ 40-80 
Titanium alloys. ` Sheer, plate, forging HF, HNO, 10-40 
ng HF, HNO, 30-60 
Magnesium alloys. H5SO, 40-60 
Niobium alloys . . HNO), HCl, НЕ 40-60 








{u) The NaOH + TEA etchants normally contain NaS to precipitate out Zn and Cu components in the alloys. If not precipitated vut 
le 


these metals will plate to the surface being chemically milled, t 


'ereby increasing surface roughness. 





changes the mechanical properties of a base 
material by removing material at the sur- 
face. Detrimental surface conditions such 
as alpha case, decarburized layer, and re- 
cast structure are easily removed by chem- 
ical milling, resulting in an improvement in 
properties of the finished part. 

Fatigue Properties. Extensive fatigue 
studies of TEA-etched aluminum were con- 
ducted by the Boeing Company about 1975, 
but their data have not been released. Pre- 
vious studies of chemically milled alumi- 
num, generally indicating some loss of fa- 
tigue properties (Ref 1), were based on 
non-TEA etchants. 

Impaired fatigue strength can be im- 
proved by imparting a uniform compressive 
stress to the chemically milled surface by 
peening, wet blasting, or other suitable 
techniques. Additionally, adverse surface 
conditions are sometimes removed by a 
final mechanical polishing operation. 

Hydrogen Absorption. Hydrofluoric acid 
(HF) is the active chemical used to dissolve 
titanium in chemical milling etchants and 
pickling solutions, and this reaction pro- 
duces hydrogen at the metal surface. 
Straight HF is often used as an etchant for 





alpha alloys and some forms of alpha-beta 
alloys. However, because hydrogen tends 
to be absorbed into the metal structure if 
beta phase is present, nitric acid is usually 
added to the HF to counter this tendency. 
Figure 10 demonstrates this effect of nitric 
acid for a pickling solution (Ref 1). As the 
amount of beta phase present in the titani- 
um increases, control is maintained by in- 
creasing the concentration of nitric acid in 
the etchant. For the all-beta alloys and 
alloys that are nearly all-beta, the special 
MCAIR process is available. This process 
was developed, patented, and is licensed by 
McDonnell Douglas Corporation. 

Identical parts chemically milled from tita- 
nium of the same heat lot, gage, and thermal 
processing are generally found to absorb the 
same amount of hydrogen. The rolling mill 
variables and the thermal cycles used in hot 
forming, superplastic forming, and beta stabi- 
lizing can affect beta phase, and thus can 
greatly affect hydrogen absorption. Etchant 
temperature and etch rate also affect the rate 
at which hydrogen is absorbed. 

Chemical milling process specifications 
normally specify either a maximum allow- 
able final hydrogen content, or a maximum. 
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etchant. Material: 7075-T6 as received from mill 


allowed hydrogen pickup. The latter control 
requires a before-and-after measurement 
and assumes that the initial and the final 
hydrogen contents are evenly dispersed 
thoughout the sample thickness. However, 
the absorption mechanism is considered to 
be a surface effect with a depth of 0.25 to 
0.50 mm (0.010 to 0.020 in.). As a result, 
etchant control can be much more critical 
for thin parts, especially for thin parts that 
must be etched from both sides. 





Applications 


Chemical milling is used extensively to 
etch preformed aerospace parts 1o obtain 
maximum strength-to-weight ratios. Inte- 
grally stiffened aluminum wing and fuselage 
sections are chemically milled to produce 
an optimum cross section and minimum 
skin thickness. Spars, stringers, floor 
beams, and frames are frequent applications 
as well. Chemical milling also can be readily 
applied to most superalloys, and thus many 
applications can be found in the sizing and 
thinning of sheet metal components for the 
hot section of the jet engine. Spherical or 





Fig. 9 fillet oreo of 0.5 mm (0.020 in.) step 
IJ- Ф 7075.16 sheet chemically milled in (a) stan- 
dard etchant and (b) TEA etchant. 55 х 


ellipsoidal bulk heads for large launch fuel 
tanks, as described in the following example, 
are also chemically milled from stretch- 
formed segments or from complete domes. 
Initial part thickness of 13 mm (0.500 in.) and 
final thicknesses of 0.25 to 0.50 mm (0.010 to 
0.020 in.) in chemically milled areas are not 
uncommon. Removal rates per surface vary 
from 0.005 to 0.02 mm/min (0.0002 to 0.0008 
in./min) for steel alloys to as high as 0.08 mm/ 
min (0.003 in./min) for aluminum alloys. 

Example 3: Thinning and Si: 
Delta Booster Tank Bulkhead. 
(8 ft) diam dome shown in Fig. 11 is an end 
closure for che McDonnell Douglas Delta 
booster fuel tank. The part has been formed 
in one piece from 0.250-gage 2014 aluminum 
alloy, aged to the T6 condition prior to 
chemical milling. The radial lands are 7.6 
mm (0.300 in.) wide and remain at the 6.3 
mm (0.250 in.) stock thickness to help stiff- 
en the structure. Other areas remain at 6.3 
mm (0.250 in.) to facilitate welding when the 
connecting fuel lines or the cylindrical tank 
section are welded to the dome. 

The thinnest sections of the bulkhead are 
1.9 mm (0.075 in.), with a transition area 2.8 
mm (0.110 in.) thick adjacent to both cir- 
cumferential and the apex stock areas. The 
wall thickness tolerance is +0.25 mm 
(0.010 in.), and the land width tolerance is 
+2.5 mm (+0.10 in.). The tolerances are 
usually generous. 
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Fig. 10 УФ%озеп absorption of Ti-8Mn as a func- 
g. tion of the nitric acid content of the pickling 
solution. The pickling solution contained 2% hydrofluoric 
acid and was held at 70 °C (158 ^F). An etch of 0.05 mm 
(0.002 in.) was made on 0.8 mm (0.030 in.) sheet. 


Gage Reduction or Chemical Sizing. 
The term chemical sizing has been given to 
various techniques for etching raw stock or 
unfinished parts to a given thickness range, 
with or without the use of selective mask- 
ing. One of the simplest applications is the 
etching of aluminum sheet stock into a 
thinner gage by overall reduction. 

A much more complex procedure is often 
applied to detailed parts to remove thickness 
variation either present in the furnished ma- 
terial or produced during the process. Parts 
are mapped" with contour lines of constant 
thickness, for example, in 0.05 mm (0.002 in.) 
interv; The part is remasked and then 
etched in 0.05 mm (0.002 in.) steps starting 
with the area of greatest thickness. Constant- 
thickness lines are located either by sliding an 
ultrasonic transducer over the part surface or 
by interpolating from a close grid of thickness 
measurements marked on the part. 

Although chemical sizing can add signifi- 
cantly to the normal chemical milling costs, 
it is frequently justified by the resulting 
weight savings. 

Example 4: Chemical Sizing of Engine 
Cowl Inlet Duct Skins. Engine inlet cowl 
skins, shown in Fig. 12, are produced from 
aluminum alloy 2219 and are chemically 
sized at two separate stages. The initial 
sizing step reduces flat, circular 3.2 mm 
(0.125 in.) gage material to 2.3 mm (0.090 
in.) prior to forming. The forming process 
produces thickness variations of about 0.5 
mm (0.020 in.), requiring a second sizing 
operation to bring the part within a toler- 
ance of +0.08 mm (0.003 in.) for weight 
control. This second operation includes a 
detailed mapping of thickness variation 
over the entire surface and requires from 
three to six sizing steps, depending on the 
thickness variation to be removed. 

"The forming process also produces an ex- 
tremely varied grain size over the part sur- 
face. Such problems are frequently encoun- 
tered when forming 2219 alloy. Surface 
finishes range from smooth to extremely 
rough over any given part surface. The fine- 
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Fig. 12 Engine cowl inlet duct skins 


grained smooth areas also etch at a faster 
rate, making the sizing operation more diffi- 
cult. These parts are sanded and polished to а 
fine surface finish after chemical milling. 

Example 5: Undercut on Clad Alumi- 
num. The part shown in Fig. 13 is a nacelle 
access door used for both the Boeing 747 
and the 767. The door is made by stretch 
forming 6.4 mm (0.250 in.) Alclad 7075 and 
then chemical milling to final thicknesses of 
1.0, 2.0, and 3.2 + 0.1 mm (0.040, 0.079, 
and 0.125 + 0.005 in.). 

Accurate control of undercut on clad alu- 
minum is difficult. Therefore this extremely 
decp cut requires the removal of the cladding 
from the inside surface in order to maintain 
land width tolerances of +0.8 mm (+0.030 
in.). Another special requirement for this part 
is a polished finish on the outside surface. 

Thinning Machined Parts, Castings, 
Forgings, and Extrusions. Chemical mill- 
ing is frequently used to produce thin sec- 
tions that would be uneconomical or impos- 
sible to make by mechanical means alone. 
Thousands of aluminum forgings for airline 
seat frames have been produced by this 
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Fig. 13 Engine cowl access door 


process. The thousands of stringers used in 
the manufacture of the C-5A and C-5B were 
made from long aluminum extrusions de- 
signed oversized for chemical milling. Many 
turbine engine components, made from tita- 
nium and superalloy castings, are also pro- 
cessed with chemical milling, as illustrated 
in the following example. 

Example 6: Removing the Alpha Case 
From a Titanium Casting. The highly com- 
plex casting pictured in Fig. 14 is a critical 
component of a turbine engine, made from 
titanium alloy 6AI-2Sn-4Zr-2Mo. The chemi- 
cal milling task is to remove the alpha case 
that forms on the surface in the casting pro- 
cess. Because of the deeply recessed areas of 
the casting, careful positioning and good 
etchant control are required to guarantee the 
required metal removal range of 0.9 to 1.0 mm 
(0.035 to 0.040 in.). Small masked areas (wit- 
ness pads) are located over the part surface to 
monitor the etched depth. This part has a 
diameter of approximately 660 mm (26 in.) 
and a height of 460 mm (18 in.). 

Improving Surfaces. Material that is 
structurally weak or objectionable for some 
other reason can be casily removed by 
etching. Some examples are: 











© Elimination of alpha case from titanium 
forgings and superplastic-formed parts 

@ Elimination of decarburized layer from 
low-alloy steel forgings 

е Elimination of recast layers from EDM 


Deep gouges, pits, and scratches are also 
often removed by the chemical milling pro- 
cess. The defect is filled with maskant, the 
part is etched to a depth greater than the 
defect, and the resulting island is mechani- 
cally removed. Significant defects should 





Fig. 14 Titanium casting for combustor case 


not be blended out prior to chemical milling 
because the resulting dished low areas 
would be much more difficult to locate and 
more costly to repair. 

Prepenetrant Etching. Removal of a thin 
surface layer from forgings, castings, or ma- 
chined parts is often advantageous prior to 
penetrant inspection. Latent defects hidden 
by smeared metal just below the surface can 
be detected, and false indications of defects 
can be screened through this procedure. 

Chemical Deburring. Etching to remove 
from 0.03 to 0.13 mm (0.001 in. to 0.005 in.) 
per surface is often a very cost-effective 
way to remove sharp burrs from machined 
or pierced metal parts of complex shape. 

Chemical Leaching. Etchants can often 
be used to dissolve onc metallic component 
within a structure without affecting the other 
components. The structure is simply im- 
mersed until the selected metal is completely 
etched away. One example of this application 
is the fabrication of carbon fiber reinforced 
spars for man-powered aircraft. The layup is 
made on a temporary form of aluminum tub- 
ing. and the aluminum is subsequently etched 
away in a normal caustic etchant. Hollow- 
core titanium parts have also been produced 
by using nitric acid to leach low-alloy steel 
inserts from diffusion-bonded structures. 


Advantages and 
Disadvantages 


The advantages of chemical milling in- 
clude: 


© Metal removal is completely stress free 

© Complex shapes and deeply recessed ar- 
eas can be uniformly chemically milled 

* Chemical milling after forming often allows 
the use of the simplest forming method 

ө Extremely thin sections can be chemical- 
ly milled 

© Metal hardness or brittleness is not a factor 


ө Part size is limited only by tank dimensions 
Tapered sections can be chemically milled 
© Most alloys and forms can be chemically 
milled 
€ Fine surface finishes are produced on 
many alloys 
ә Extremely close thickness tolerances are 
achicvable, regardless of initial thickness 
variation, through chemical sizing methods 
© Tooling and tool maintenance costs are low 
ө The process adapts well to prototype 
quantities because a pattern can be laid 
out directly on masked parts, avoiding 
lead time for tooling 
Cutouts and the periphery of difficult- 
to-machine parts can be rough trimmed 
by etching through the metal (chemical 
blanking), at minimal added cost 





The disadvantages of chemical milling in- 
clude: 


е A fillet radius is approximately equal to 
depth of cut 

* Extremely deep cuts are usually not cost 
effective 

• A homogeneous metal structure is nor- 

mally required for good results 

The surface texture of a chemically 

milled part is very dependent on the grain 

structure of the metal 

Welds and castings often produce pitted 

surfaces when chemically milled 

ө Process costs depend on the quality of 
the original workpiece (thickness varia- 
tion, presence of surface scratches, and 
corrosion) 

© The surface is affected by chemical mill- 

ing, and sometimes mechanical polishing 

is required 

Lateral tolerances closer than 0.8 mm 

(20.030 in.) are often difficult to achieve 

It is impractical to make grooves of width 

less than twice the depth 

Alpha-beta titanium alloys often require 

special etchants to limit hydrogen pickup. 

Beta alloys are extremely difficult to con- 

trol 

€ Process control coupons are often re- 
quired, adding to cost 

* Hazardous chemicals used in the process 
present difficult safety, waste disposal, 
and air pollution problems 


. 
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Photochemical Machining 


Howard Friedman, Fotofabrication Corporation 


PHOTOCHEMICAL MACHINING 
(PCM), also known as chemical blanking, 
is a metal-etching process that uses a pho- 
toresist (photosensitive masking) to define 
the locations where the metal will be 
etched. The PCM process is used to pro- 
duce intricate and close-tolerance patterns 
in a variety of flat, metal parts with a 
thickness range of 0.01 to 1.6 mm (0.0005 
to 0.062 in.). 

The PCM process, which has been in com- 
mercial use since the mid- 1950s, is used in the 
production of a variety of precision parts, 
such as color television shadow masks: inte- 
grated circuit lead frames; magnetic recording 
head laminations; prototype motor lamina- 
tions; heat sinks; encoder disks; grids, sieves, 
and screens; washers, shims, and gaskets; 
jewelry; and decorative plaques and name- 
plates. Most of the commonly used metals 
and alloys available in sheet form can be 
etched with the PCM process. 








Process Description 


A flow chart showing the principal steps 
in the PCM process is given in Fig. 1. The 
major steps are: 


* Preparation of phototool 
* Selection of metal 

* Preparation of workpiece 
* Masking with photoresists 
* Etching 





r Optional; one or more steps may be omitted — ————————— —À, 


Preparation of workpiece: 


© Stripping and inspection 


Selection of Metal. Most of the common- 
ly used industrial metals can be etched with 
the PCM process. More exotic alloys and 
metals can also be etched, but these require 
more sophisticated chemistry and operator 
knowledge. Except for a few special PCM 
installations, the process is used to etch 
rectangular metal sheets or panels. In 
choosing a standard-size sheet, some ques- 
tions to be considered are: 


* How wide a coil is available? 

@ What are the limitations of photographic 
processing equipment? 

* How will the dimensional stability of the 
master affect quality? 


‘The panel size must be matched with the 
capabilities of the etcher used. A reasonable 
choice is 300 x 450 mm (12 x 18 in.), but 
larger production capability is readily avail- 
able. 

Some of the qualities of a metal that pro- 
duce good parts with the PCM process are: 


* A grain size that is as fine as possible. 
because the smoothness of the edges of 
the parts decreases with increased grain 
size 

* A metal that is soluble in the etchant 
chosen 

* A material that is flat and of uniform 
thickness 


* A surface finish that is uniform and free 
from scratches, embedded particles, or 
inclusions 


Table | gives some of the effects obtained 
from poor-quality metal. 

The etchability of a metal is dependent on 
its chemical composition. Table 2 lists etch- 
ability ratings of some metals and alloys 
used in photochemical machining. 

Preparation of Workpiece. In order to 
promote good adhesion between metal and 
photoresist, the metal surface must be free 
of contaminants. Most photoresists have 
been developed for use in the printed circuit 
industry and have good adhesion to copper 
and copper-base materials. Other metals, 
especially stainless steels, require surface 
treatment 10 promote good photoresist ad- 
hesion. Pre-etching and passivation help. In 
all cases, a mechanical abrasion provided 
by machines with horizontal, cylindrical 
brushes helps to prepare the surface. The 
use of abrasives should be avoided because 
they must be completely removed to avoid 
surface contamination. If flatness is a prob- 
lem, the material should be tension leveled 
at the factory. 

A good test for efficient cleaning is spray- 
ing water on the metal surface in question 
and determining whether the individual 
droplets spread out to form a uniform, con- 
tinuous, thin film of water. Formation of 
such a film indicates adequate cleaning, 
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Fig. Т Flow chart of principal process steps for photochemical machining 
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Table 1 


Effects of poor-quality metal on PCM 





Metal defect. 


Effect on PCM process 





Coil set (metal curved along its length) and dents 


Gage variation (for example, crown, where the thickness 


increases from the edges to the center of a strip of metal) 


Too large a grain size 
Surface scratches 


Embedded particles and inclusions such as oxides. sulfides. 


and silicates 


Source: Ref 1 


Difficult to coat with photoresist and to contact 
print against the phototool. resulting in loss of 
registration and detail 

Difficult to determine optimum etching time as 
this is dependent on metal thickness 

Loss of resolution in etched features 

Difficult to coat with photoresist, with the result 
that etchant flows into the scratches and 
produces cosmetic defects on the surfaces of 
the product 

Can produce defects on etching (for example, 
pits. pimples and loss of resolution in 
product) because they etch at different rates 
compured with the base material 

















whereas inadequate cleaning produces un- 
even wetting of the surface. Selecting a 
pretreatment cycle involves the same prin- 
ciples as selecting a preparation cycle for 
electroplating or painting. A rigorous pre- 
treatment cycle used on nickel parts is 
described in Example 2 of this article. 
Preparation of masters, which serve as 
the tools in photochemical machining, begins 
with the generation of oversize artwork on 
paper, polyester drafting film, or polyester- 
base or glass-base scribing film (listed in order 
of increasing dimensional stability and perma- 
nence). The most common method used is to 
cut the pattern into a material called cut- 
and-peel rubylith, which consists of a red, 
strippable layer coated onto a stable, clear 
polyester base. The part is drawn with the 
various etching factors taken into account. 








‘The artwork is usually generated at some 
magnification factor to minimize dimension- 
al error. The original artwork may range 
from 2 to 200 times actual size. depending 
on equipment, part size, and accuracy re- 
quired. The various methods of artwork 
generation are: 
* Manual drafting 
* Precision coordinatograph plotting 
* Computer aided drafting with a plotting 

table, light beam plotter, laser plotter. or 

integrated circuit pattern generator 








The artwork is photographed with a pre- 
cision reduction camera that reduces the 
artwork to 1:1. In high-volume production 
of parts, multiple-image masters are devel- 
oped because it is often economical and 
convenient to expose, develop. and etch a 


Table 2 Etchability ratings of some selected metals and alloys used in 


the PCM process 








Good ‘Good to fir Fair to poor Poor 

Copper (rolled) AISI 215 stainless steel Molybdenum Tungsten 

Copper electrolytic) AISI 301 stainless steel — Nichrome (Ni, 20% Fe. — Hastclloy С (Ni, 15% Мо, 
15% Cr) 14% Ст, 5% Fe, 3% W. 


Beryllium copper AISI 302 stainless steel 


Brass (Cu, Zm AISI 304 stainless steel 


Oxygen-free high-conductivity AISI 305 stainless steel 
copper 
Phosphor bronze (Cu, 10% 
Sn, =0,5% P) 
90-10 copper-nickel AISI 321 stainless steel 
Zinc AISI 347 stainless steel 
Carbon steel PH 15-7 stainless steel 
Kovar (54% Fe, 29% Ni, 17% PH 17-7 stainless steel 


AISI 316 stainless steel 








Со) 
Nickel AISI 410 stainless steel 
Monel (for example, Ni, AISI 420 stainless steel 
31.5% Cu, 1.3% Fe) 
Nickel silver (Cu. 25% Zn. AISI 430 stainless steel 


10% Nid 
Magnesium Inconel alloys (Ni, 
15% Cr, 7% Fe) 
Aluminum Hastelloy B (Ni, 285 





Mo, 5% Fe, 
Co. 1% Cr, 0.5% V. 
0.05% C) 





Aluminum (anodized) 


Source: Photo Chemical Machining Institute 


2.5% Co, 0.08% C) 
Udimet alloys (for Titanium 


‘example, Ni, 42% Fe, 





12.5% Cr. 2.7% Ti) 

Vanadium René 41 (Ni, 19% Cr. 11% 
Co, 10% Mo. 3% Ti, 
1.5% Al) 

Chromium Niobium (Colombium) 

Gold 

Lead Tantalum 

Manganese 

Rhenium 

Zirconium 





number of parts from a single sheet of 
metal. In preparing multiple-image masters, 
the images are stepped and repeated to fill 
the master with an optimum number of 
parts. The stepping and replication of imag- 
es can be done on the reduction camera or 
on a step-and-repeat camera. When a pho- 
toplotter or laser plotter is used. the array 
may be stepped at 1:1. eliminating the cam- 
era operation entirely. Any of these meth- 
ods results in a master film that contains the 
pattern to be etched. From the master, 
working sets of films are made to facilitate 
simultaneous exposure of a panel from both 
sides. The highest-quality results are ob- 
tained by using matched sets of high-reso- 
lution glass plates to image the sensitized 
metal. In actual practice, most work is done 
using dimensionally stable photographic 
film, which is punched and registered to 
form a workable master. Film is also bond- 
ed to blank registered glass for precise 
registration. 

During the preparation of masters, provi- 
sions are made for the reclaiming of parts 
after etching, Each part must have an etch 
line surrounding it so the part can eventu- 
ally be separated from the metal sheet. The 
usual width chosen is twice the metal thick- 
ness. 

In many cases tabs are added to the 
artwork to produce connections that hold 
the parts together after etching; these tabs 
must be removed later. If a protrusion from 
the broken-off tab is objectionable, a re- 
cessed-tab design may be used. 

Small holes are usually etched completely 
away. In order to conserve etchant, larger 
openings can be made, surrounded by an 
etch line, which will allow a portion to drop 
out. When this is done, a corrosion-resis- 
lant screen is used to transport the panels 
through the etcher. 

Masking with photoresists provides a 
photosensitive surface that resists the ac- 
tion of the etchant by providing a tightly 
adhering protective coating. After imaging 
and developing. the photoresist defines the 
shape of the part and therefore must not 
break down or lift off during etching. 

The photoresist can be cither a positive or 
a negative masking. In the positive acting 
system, the area that is exposed 1o light 
washes away during development. In the 
more commonly used negative system, the 
exposed areas are made insoluble in the 
photoresist developing solution. In either 
case, the final result is a panel in which the 
areas to be etched are bare metal, and the 
area representing the part is covered with a 
tightly adhering, acid-resistant coating. 

Photoresists may either be applied in thin 
liquid form or laminated as a thicker, solid, 
dry film. Liquid resists have better photo- 
graphic resolution; the best resolution ob- 
tainable is with positive-acting photoresists. 
However, the combination of ease of appli- 
calion and short exposure time has made 














the dry-film resists a popular choice in 
many job shops. As a general rule, the 
recommendations of the photoresist manu- 
facturer should be closely followed. 

Application of photoresist to the work- 
piece is best done immediately after clean- 
ing and pretreatment, although work can be 
covered and stored in a controlled environ- 
ment from several hours to several days 
before applying the photoresist. The work 
must not be handled before the resist is 
applied. 

Photoresists are applied by dipping, 
whirl-coating, or spraying. Dipping is the 
simplest method, but whirl-coating gives 
the most uniform thickness, and spraying is 
the most versatile method. 

Resists are dried at room temperature and 
then baked for about 15 min at a maximum 
of 120 °C (250 °F) to remove residual sol- 
vent. Baking temperature is not critical, and 
longer baking times at lower temperatures 
can be used. 

Exposure of conventional photoresists to 
ultraviolet light partly polymerizes the ex- 
posed areas of light-sensitive resin, increas- 
ing the resistance of these areas to the 
Chemicals used as developers. Exposure 
equipment used in the PCM process con- 
sists of à vacuum contact printing frame and 
a source of high-intensity ultraviolet light. 
In some cases, a highly collimated light 
source will resolve and reproduce finer de- 
tail. 

Each side of the workpiece panel can be 
exposed individually, or the two sides can 
be exposed at the same time between a pair 
of mirror image masters in precise register. 
The vacuum printing frame is used with the 
emulsion side of the master pattern toward 
the work panel. A vacuum of about 500 mm 
(20 in.) of mercury will ensure good contact. 
Also, the printing frame must be padded 
appropriately, or glass masters will break in 
the evacuated frame. 

Ideally, the wavelength of the light source 
should correspond to the maxima of the 
photoresist absorption spectra. The most 
commonly used light sources include high- 
pressure mercury lamps, metal halide 
lamps, mercury xenon lamps, pulsed xenon 
lamps, and actinic fluorescent tubes. Com- 
mercial exposure units invariably contain 
an upper and lower light source so that the 
two sides of a coated material can be ex- 
posed simultaneously. 

Development of photoresists is usually 
accomplished in conveyor spray equipment 
in which the liquid developer removes the 
unpolymerized photoresist that covers the 
areas of the metal to be etched. Develop- 
ment by immersion with agitation in a suit- 
able spray developer is another method. 

The developers are often proprietary so- 
lutions formulated for specific photoresists. 
Developer temperature, spray pressure, 
spray pattern oscillation, and rinse water 
temperature are all important developing 











Photoresist 





Undercut 
Fig. 2 Development of two-sided etch profiles A, 
19. 2 Breakthrough point; B, Biconvex; C, 


Straight; O, Biconcave 


parameters. Developing conditions and du- 
ration are determined by the nature and 
thickness of the photores 

After the panel is removed from the de- 
veloper, it should be rinsed in running water 
or spray rinsed, to remove the developer 
and dissolved polymer from the nonimage 
areas without leaving residual scum. If the 
nonimage areas are still not clean (not fully 
developed), development can be repeated 
without damaging the image. 

In some cases it is desirable to bake the 
panels after development. Convection or 
infrared ovens are used. Postbaking helps to 
evaporate the remaining solvents in the 
photoresist and secures a tougher molecular 
bond to the substrate. This provides more 
acid resistance and is particularly important 
when using solvent-base photoresists in 
which swelling occurs during development. 
Care must be taken not to exceed the rec- 
ommended baking temperature and times: 
otherwise the photoresist can become brit- 
tle and difficult to remove after ctching. 

Etching. The developed and postbaked 
panel of metal is exposed to a heated acid 
during the etching process. A chemical re- 
action takes place in which the acid reacts 
with the exposed metal and oxidizes it to 
form a soluble reaction product. Etching in 
the PCM process can be done either by 
immersion in a mechanically agitated or air 
agitated chemical bath or by spraying with 
heated acid. The force of the spray washes 
away the reaction products so that a fresh 
metal surface is always in contact with fresh. 
etchant. When etching has proceeded to a 
point at which penetration from each sur- 
face has gone halfway through the sheet. 
the breakthrough occurs (Fig. After this 
happens, the etchant can run through the 
opening, causing the edges to smooth out 
and produce a vertical sidewall. It should be 
noted that while the etchant is penetrating 
the metal, the lateral width of the etch line is 
increasing and undercutting the photoresist. 
The thicker the metal, the greater the 
amount of undercut. A properly designed 
phototool compensates for this undercut so 
that the resulting parts are in tolerance. It is 
this portion of the process that requires 
good statistical process control. 

In most production operations, the com- 
position and concentration of the etchant, 
and other process conditions, are regulated 
for a removal rate of about 0.01 to 0.05 mm/ 
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min (0.0005 to 0.002 in./min). Faster rates 
can be obtained, particularly in spray etch- 
ing, but usually only at the cost of reduced 
accuracy, more frequent failure of the resist 
by penetration or by bond failure at pattern 
edges, and accelerated corrosion of equip- 
ment. 

Etchants for photochemical machining of 
various metals are listed in Table 3, together 
with operating characteristics of each. Etch 
factor for the PCM process equals depth of 
cut (from one side) divided by undercut. It 
is important to note that in chemical ma- 
chining, the same term, etch factor, means 
just the opposite (undercut divided by depth 
of cut). 

Ferric chloride solutions can be used for 
the photochemical machining of a wide va- 
riety of metals, as indicated in Table 3. 
Ferric chloride will attack a wide range of. 
metals and has become the most widely 
used etchant in the PCM industry. The 
range of etchants is usually restricted to the 
less dangerous ones, namely ferric chloride 
(often modified with additives), cupric chlo- 
ride. diluted mineral acids, and some alka- 
line etchants based on sodium hydroxide or 
ammonium salts, Sodium hydroxide is used 
extensively on aluminum and aluminum al- 
loys. 

Most acid etchants can be maintained by 
the addition of fresh acid until their chemi- 
cal activity is altered excessively by the 
dissolved metal content, at which point they 
are discarded. Sodium hydroxide etchants 
can be maintained by additions and regen- 
erated when aluminum content becomes 
excessive. The effect of aging on etching 
rate and uniformity varies with the etchant 
and the work metal. 

Etchant compositions can be adjusted to 
meet the requirements of specific applica- 
tions, and proprietary additives can be in- 
cluded to control foaming or wetting char- 
acteristics, increase or decrease etching 
rate, or make etching more uniform. Many 
formulations resemble those used in bright 
dipping. chemical polishing, or electropol- 
ishing. A comparison of compositions of 
solutions used in the etching of printed 
circuit cards is given in Table 4. 

Etching machines are made from materi- 
als (such as polyvinyl chlorides and titani- 
um) that can withstand corrosion from fer- 
ric chloride and other etchants. Etchant 
temperature must be maintained below 55 
°C (130 °Е) to avoid distortion of the plastics 
used in machine construction. 

Most etching machines have similar gen- 
eral construction. At the base of the ma- 
chine there is a sump that contains the 
etchant. A titanium heating element and 
cooling coil help maintain a constant 
etchant temperature, which is necessary for 
accurate etching. The etchant is pumped 
through a manifold system to spray nozzles, 
which direct the etchant to both surfaces of 
the panel being etched. Etcher designs 
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Table 3 Etchants for sheet metals and foils 


















































































Temperature, Temperature, 
Metal (composition) Etehant formalationta *C er Metal (composition) Etchant formulativn(a °C PF) 
Alfenol (Fe, 16% AD ... 42 "Bé FeCl, 49 120) Molybdenum. Alkaline potassium ferricyanide 55 (131) 
Conc HNO,:conc HCEH;O (1:1:2) 38-49 (100—120) solution, for example, K,Fe(CN), 
Aluminum Cone HCEH;O (1:4) (200 g/L. or 27 oz/gal.): NaOH 20 
20% NaOH solution giL. or 3 ozigal.): sodium oxalate 
12-20 *Bé FeCl, 49 (20) (5 g/L. or 0.7 ozigal.] 
Alkaline potassium ferricyanide —— 55 (131) 40 *Bé Fe (NO, 40-55 (104-131) 
solution. for example, K ,FeiCN), Conc HNOHE:H;O. 
(329 giL. or 44 oz/gal.; NaOH Conc HNO :сопс H,SO,H;O (1:1:3) 50-54 (122-129) 
(16 giL. or 2 ozigal.): Conc HNO,:cone НСЕН;О (3:3:4) 
Мауро 129,0 Q0 giL. or 4 Moly Permalloy (Ni, 13% 
ozigal.) Fe, 5% Си, 4% Mo) ..... 42 "Bé FeClyconc HCI (9:1) 54 (129) 
Conc HCl:cone НМО НО (10:1:9) 49 (120) Monel (67% Ni, 33% Cu)... 42 "Bé FeCly 49-54 (120-129) 
40^Bé FeCl conc НСІ (009) — 43 (110) Mumetal (Ni. 16% Fe, S% 
Anodized aluminum... 20% NaOH solution 60-90 (140-190) 42 Bé FeCl, 49-54 (120-129) 
12-20 "Bé FeCl, 49 (120) 38-42 "Bé FeCl, 49 (120) 
Beryllium. Ammonium bifluoride (NH,HF,) — 27-32 (80-90) Conc HNO conc HCEH;O (1:1:3 
(90-180 g/L, or 12-24 ozigal.) Nickel.iron alloys (for 
Beryllium copper . ....... See copper alloys - example, Invar, 
Chromium . . 111, 42 °Ве FeChcone HCI (2:1) 200 Alloy 42).........-- 42 °BE FeCl, (with HNO, additions if 49 (120) 
Constantan (55% Cu. necessary) 
48% ND... | 35-42 "Bé FeCl, 49 (120) Nimonics (~80% Ni, 20% 
Copper and copper Cp.. 2. FeCh:HNOxHC! 
alloys» 30-42 *Bé FeCl, 43-49 (110-120) Мїюышт. .........---..-- Cone HNO,:HF:H,0 (7:1:2) 
33 °Вё CuCl, (acidic) $4 (129) Phosphor bronze (Cu. 
Modified chromic acid (for 27-38 (80-100) 5% Sn. \#% Р) 42 *Bé FeCl, 25-49 (77-120) 
‘example, Hunt Multi-Circuit Etch) Platinum, one Aqua regia. that is. cone HClicone 20-25 (68-77) 
Ammonium persulfate (220 g/l.. or 32-49 (90-120) HNO, 3:1) 
29 ozigal.) Silver .. ‚ 36 "Bé Fe(NO 4. 43-54 (110-129) 
Cupric ammonium chloride. 50-90% HNO, 3849 (100-120) 
ICu(NH )ICLOMO Stainless steels ‚.. 35-48 "BÉ FeCl, 35-55 (95-131) 
Hydrogen peroxide/sulfuric acid — 45-50 (113-122) Stainless steels (containing 
(for example, Shipley Hydro-ctch molybdenum) ... .. 36-42 °BE FeCl, with HNO, 35-55 (95-131) 
536) additions 
Germanium 2s HE + HNO, E Steels (mild, spring, 
бош... | Aqua regia, that is, conc HCl:cone 20-32 (68-90) silicon. and tool 36-42 “BE FeCl, 52 (126) 
HNO, (3:1) Tin 42 "Bé FeCl, 54 029) 
Potassium iodide (saturated) + 50 (122) Titanium .. 10-50% HF (optionally with additions 30-49 (86-120) 
iodine (20 g/L. or 3 ozigal.) of HNO о 
HyMu 80, 800 (80% Ni. Ammonium bifluoride 30-49 (86-120) 
4% Mo, rem Fe 42 *Bé FeCl: cone HCI (9:1) 43-49 (110-120) (NH,HF,):cone HCEEH;O. 
Inconels (Ni, Cr, Fe)... 42 "Bé FeCl, $4 (129) Tungsten Alkaline potassium ferricyanide 55 (131) 
Kovar (Fe, 29% Ni solution, for example. K, Fe(CN) 
17% Co) . 42 "Bé FeCl, 49 (120) (200 giL. or 27 ozigal.: NaOH (20 
Lead sesso 3 “Bé СОСТ, acidic) 54 (129) WL, or 3 ozigal.):sodium oxalate (5 
Magnesium ~. 10-20% сопс HNO, (plus additive 35 (95) gil. or 0.7 ozigal.) 
such ay Hunt X-flex to improve Vanadium ‚ Cone HNO,H;O (1:1) 25077) 
etch factor if required) Zinc .. 20-25% conc HNO, (plus additives —— 36197) 
such as Hunt Rocket Etch to 
improve etch factor if required) 
Zirconium Conc H,SO,HF. 36 (97) 
Conc HNOyHF:H,0 36 (97) 


(à) Volume ratios if known, except where stated, Be, Baume «cale: conc, concentrated: rem, remainder, 





ce: Ref 1 





vary. In some machines the spray bars 
oscillate, and in others, they are fixed. 
Etchers with conveyor systems (Fig. 3) 
allow continuous processing and are the 
most widely used. Batch-type machines. i 
which one sheet at a time is processed 
used for short runs and high-precision 
parts. 

Stripping and Inspection. After etching, 
the panels are still coated with photore: ist. 
In most cases, removal (stripping) is neces- 
sary. The art of good stripping is to be able 
to remove the photoresist completely with- 
out staining or corroding the metal surface. 
Some formulas only soften and lift the coat- 
ings, which then have to be gently brushed 
off the surface. Methylene chloride base 
strippers will completely dissolve the pho- 
toresists, but require proper ventilation and 
care in handling. 











Handling of parts during stripping is eas- 
ier when the parts remain attached 10 the 
metal sheet. Generally, onc or more small 
connecting tabs are located in such a man- 
ner that they do not interfere with the 
function of the part. It should be noted that 
sheets of tabbed parts facilitate clectroplat- 
ing. The parts may be detached by cutting 
or by manually twisting. When the require- 
ments of the part preclude the use of a tab, 
the parts may be made to drop out during 
etching. This requires the use of a carrying 
screen and can cause tolerance problems. 

Once the thickness of the part is checked, 
the rest of the inspection is two dimension- 
al. The best methods of inspection involve 
the use of plug gages and horizontal optical 
comparators. The use of statistical process 
controls, especially during etching, can re- 
duce final inspection requirements. 


Design Considerations 


The mechanical properties of the work 
metal have little effect on etching rate, nor 
does workpiece shape (unless it prevents 
uniform access of fresh etchant to the sur- 
face). The maximum thickness of sheet 
from which parts are photochemically ma- 
chined on a production basis is 1.6 mm (6 
in. However, cold-rolled steel parts 3.2 
mm (% in.) thick have been etched to à 
tolerance of 0.4 mm (0.015 in.) under 
special conditions. 

Figure 4 shows progressive stages of met- 
al removal and the effect of undercut on 
design. Because photochemical machining 
is concerned primarily with the etched sur- 
faces that become the edges of the etched 
part, undercut refers only to attack just 
below the resist edge on one side of the cut. 








Table 4 Effect of etchant 
composition on production of 250 
рт (10 mil) lines in 60 g (2 oz) 
copper foil bonded to a plastic base 
Undercut and etching taper are influenced by etchant 
composition, operating conditions, and foil thickness; 
undercut and taper would be substantially smaller for 


30 g (1 oz) (0.036 mm, or 0.0014 in. thick) copper 
foil; controlled overetching will reduce taper. 














Erching 
Etching Undercut, — taper, 
Six etchant compositions lime, R- Та) B- Tb) 
Constituent кой ш) Ми ттт) тт ба.) 
(МН,);5;0,.. 217 B8 оо — 0.066 
(29) (0.0036) (0.0026) 
+неС\,... 0.0064 
(0.00086) 
*H,SO, .. 17.6 
(2.26)c) 
*Copper.. 4.9-8.1 
(0.65-1.08) 
{NH,),8,0g.. 207 90 0089 — 0.089 
o» (0.0085) (0.0035) 
+NHACI.. 16.2 
(2.16) 
* HgCl, ... 0.0064 
10.00086) 
+Соррег.. 4.9-13.3 
(0.65-1.78) 
(мн,),8›0,.. 217 м 0074 OM 
(29) (0.0029) (0,0045) 
+NHACI.. 16.2 
2.16) 
* Copper... 4.9-13.3 
(0.65-1.78) 
INHaSSO,.. 217 юй ооз 010 
ЕЛ (0.0021) 10.0040) 
NaCl... 140 
(19) 
*Copper.. 6.5-9.9 
10.87-1.32) 
ЧО. 143 0.074 0.046. 
40.0029) (0.0018) 
HNHGCE.. 
*Copper 
FeCl.. 3 76 0066 0.046 
(513 (0.0026) (0.00181 
(я) 
(в) 
kn 





(à) At 37 to 38 "C (99 to ИЮ °F), (b) See illustration: etch factor is 
calculated for other PCM operations is not applicable to printed 
circuit etching: etching taper (В = 7) is used instead, (c! mL/L. 
laid ozigal.1 





The etch factor is defined as depth of cut 
divided by undercut; higher values are pre- 
ferred to lower values. In Fig. 4(d), stock 
150 um (6 mils) thick is shown blanked with 
an undercut of 12 jum (1 mil) and an etch 
factor of 3.0. Straightness of the side walls 
of the cut can be improved substantially by 
overetching, as shown in Fig. 4(D. Allow- 
ance is made for the undercut and the etch 
factor in the layout of artwork. on the basis 
of trial processing or experience. 








Dimensional Limitations. Figure 5 
shows the typical relationships between 
metal thickness (7) and various dimensional 
limitations. As a general rule, the smallest 
hole diameter or slot width that can be 
produced by the PCM process cannot be 
less than 1.2 times the metal thickness. 
Exceptions to this occur as the thickness 
decreases. The minimum practical hole di- 
ameter or slot width is 0.10 mm (0.004 in.). 
The minimum slot width or hole diameter 
may also depend on the workpiece. The 
approximate limits for some commonly 
used metals are: 











Metal 





Steels, carbon and alloy... 
Stainless steels . м 
Aluminum alloys ... 
Copper alloys 








As a general rule, the minimum spacing 
between holes and slots is at least 0.9 times 
the metal thickness. With metals less than 
0.1 mm (0.005 in.) thick, the remaining 
metal must be at least equal to the metal 
thickness. Center-to-center accuracy is de- 
lermined photographically and will vary 
only in accordance with the limitations of 
the photographic medium and the artwork. 

Tolerances. It is not possible to establish 
hard-and-fast rules regarding etching toler- 
ances because too many factors are in- 
volved, such as the type of mctal, size of the 
sheet, type of exposure equipment, type of 
etching equipment, condition of the 
etchant, and of course, the skill of the 
operator. However, some typical PCM tol- 
erances of various metals are listed in Table 
5 for thicknesses of 0.05 to 1.5 mm (0.002 to 
0.060 in.). The values shown range from 
+10% of stock thickness for the photo- 
chemical processing of steel, nickel, copper 
and copper alloys with rigid control to 
+100% of stock thickness for routine pho- 

















Table 5 Tolerances in photochemical 
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tochemical processing of 0.05 mm (0.002 
in.) thick aluminum alloy foil. Under special 
conditions, accuracy of +5% of thickness 
and part reproducibility of +2% to +3% of 
thickness can be maintained. 

Edge Quality. Although burrs are not 
produced in photochemical machining, the 
edges obtained at the instant of complete 
breakthrough may be irregular and rough to 
varying degrees. Edge uniformity depends 
on the uniformity and fineness of the grain 
structure of the workpiece, local stresses, 
edge orientation, uniformity of resist edge, 
and adherence of resist, as well as on local 
variation in etchant concentration, impinge- 
ment velocity, and direction of flow against 
the surface being cut. Slower etching rates 
usually produce more uniform edges. Edge 
quality can be improved by controlled over- 
etching (see Fig. 4) or by subsequent bright 
dipping or chemical or electrolytic polish- 
ing. 





Advantages and 
Disadvantages 


The PCM process is an alternative to 
conventional stamping (or blanking) when 
intricate patterns or low production vol- 
umes are involved. The advantage exists 
because tooling changes in the PCM pro- 
cess involve artwork changes, while stamp- 
ing requires the fabrication of precision dies 
of very tough materials such as tungsten 
carbide. The PCM process also has the 
capability to produce intricate patterns that 
cannot be duplicated by other processes. 

Some of the chief advantages of the PCM 
process are: 


* Magnetically soft materials can be fabri- 
cated and retain optimum permeability 
© Setup and tooling costs are extremely low 
* Initial quantities of newly designed parts 

can be produced on short notice—some- 


machining of various metals 

















Tolerance (=) — 
Stock ! 
thickness Aluminum alloys Nickel Stainless steel Low-ulloy steel 
mm in, mm in mm in mm in mm dm 
For routine production. 
005 0.002....... 0.05 0.002 0.028 0.001 0.025 0.001 0.025 0.001 0025 0.001 
9.13 0.005....... 0.08 0.003 0.05 0.002 0.08 0.003 0.05 0.002 0.05 0.002 
0.25 0.010....... 0.10 — 0.004 оок 0.003 0.13 0.005 0.08 0.003 ою оом 
0.50 0.020 0.15 00% 0.13 0.005 025 0010 0.13 0.005 0.15 — 0,006 
10 0040...... 020 00% 0.15 0.006 025 0.010 0 0.010 
1.5 0060 . 030 об? 0.18 — 0.007 0.36 0.014 030 0.012 
For production with rigid control 
0.05 0.002....... 0.008 0.0003 0.005 0.0002 0.005 0.0002 0.013 0.0005 0.005 0.0002 
0.13 0.005.. 0.018 0.0007 0.013 0.0005 0.013 0.0005 0.025 0.001 0.013 0.0005 
0.25 . 004 00015 0.025 0.001 0.025 0.001 0.05 0.002 0.025 0.001 
0.50 -.. 008 0.00 0.05 0.002 0.05 0.002 0.10 0.004 0.05 0.002 
1.0 . 0.13 005 0.10 0.004 0.13 0.005 0.20 0.008 0.13 0.005 
1.5 . 018 0.007 0.15 0006 020 0.008 0.30 0.012 9.18 — 0.007 





Note: Tolerances are applicable to a dimension of 50 mm (2 in.) or less: proportionate value applies for a larger dimension. Closer 


tolerances are possible. 
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Fig. З two-stage chemical clean system with dryer. 


times within a few hours after the design 
has been conceived 
© Design change costs are low, because 
only artwork is altered 
The process does not produce burrs 
Extremely thin metal can easily be 
blanked without distortion. Accuracy ac- 
tually increases as metal thickness dc- 
creases, because the extent of undercut- 
ting is decreased 
* Metal hardness has no significant effect 
on case of blanking 
€ The temper, stress, and other physical 
properties of the metal are not changed 
* Brittle metals (such as the silicon electri- 
cal steels, which often fracture during 











Courtesy of Chemeut Corporation 


conventional blanking) are blanked with- 
out difficulty 

@ The process allows great design flexibili- 
ty 

with photo- 





* A relatively high level of operator skill is 
required 

© Special safety precautions are needed in 
handling of chemicals; the etchant vapors 
also are very corrosive. Etching equip- 
ment must usually be isolated from other 
plant equipment 

* Suitable photographic facilities are not 
always available 


























e Maximum metal thickness that can be 
blanked is about 1.6 mm (16 in.) 
ө Sharp radii cannot be produced 


Applications 


One of the major applications of the PCM 
process is the manufacture of burr-free, 
intricate, thin "stampings." The PCM pro- 
cess often is more economical than punch- 
press or press-brake blanking for quantities 
up to 5000, depending on the size of the 
part. 

Typical blanked parts processed with 
PCM include laminations for electric mo- 
tors or magnetic recording heads, rotors, 
slotted spring disks and gaskets, meter 
parts, vanes for high-speed cameras, strain- 
gage loops or grids, electrical contacts and 
terminals, fine screens, helicopter vent 
screens, templates, electronic-conductor 
matrices, and printed circuit cards. Shadow 
masks for color television also are made by 
photochemical machining: about 320 000 
conical holes, each with a minimum diame- 
ter of 0.28 mm (0.011 іп.). are blanked in 
0.15 mm (0.006 in.) thick, full-hard 1010 
steel foil, for a 530 mm (21 in.) television 
picture tube. Corrosion-resistant filter 
screens for chemical applications have been 
made with 0.15 mm (0.006 in.) diam holes 
on 0.28 mm (0.011 in.) centers in type 316 
stainless steel foil 0.1 mm (0.005 in.) thick. 

Photochemical machining is sometimes 
used to eliminate deburring or to reduce 
assembly time. Electronic chassis are made 
in small-to-medium quantities by using 
punch presses for routine holes and chemi- 
cal blanking for odd-shape holes and slots. 

Thin intricate parts that are impractical to 
blank mechanically because of hardness or 
brittleness of the work material can often be 
made with ease by photochemical machin- 
ing. The following two examples illustrate 
this. 

Example 1: Molybdenum Alloy Parts 
That Delaminated in Punch-Press Blank- 
ing. The conventional blanking of small. 
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Fig. 4 Prosresive stages of metal removal in photochemical! machining. Metal is removed by etching оп all work 
Ө. А metal surfaces not covered by resist. Workpieces can be token from etchant as soon os blanking is 


completed (d), for an undercut of 0.025 mm (0.001 in.); 


ог etching con be continued to improve straightness of side 


walle, for an undercut of 0.05 mm (0.002 in.) (f). Workpiece dimensions depend on resist dimensions and control of 


undercut. Dimensions given in inches 


Fig. 5 Etched dimensional limitations 
































1 


Fig. 6 Electronic-connector network photochemi- 
9. Ө cally blanked from predrilled 1.1 mm (0.042 
in.) thick nickel sheet, Dimensions given in inches 





complex, close-tolerance aerospace parts 
from sheet molybdenum alloys was exces- 
sively slow, and rejection rates were high 
because of edge delamination. Production 
rate and yield were increased by blanking 
with the PCM process and a nitric-hydro- 
fluoric acid etchant. 

Parts were spaced as close together as 
possible on a panel (minimum spacing 2.5 
mm, or 0.100 in.), and the area to be etched 
away was kept as small as possible to con- 
serve etchant and to simplify control of the 
etching process. The multiple-part panel 
was then etched through on the unmasked 
areas at a penetration rate of 0.025 mm/min 
(0.001 in./min) by immersion in the nitric- 
hydrofluoric acid bath. The masking mate- 
rial was removed from the completed parts 
by a combination of solvent spray and 
brushing. A dimensional accuracy of +0.25 
mm (+0.010 in.) was maintained on material 
up to 1.5 mm (0.060 in.) thick. A controlled 
period of overetching was used on some 
parts for deburring and radiusing. 

Example 2: Nickel Electronic-Connector 
Network. Chemical blanking was the only 
practical way to manufacture the connector 
network shown in Fig. 6 from predrilled 1.1 
mm (0.042 in.) thick nickel. This matrix. 
used in high-density packaging of electronic 
circuits, was made of nickel for strength, 
and had electrical conductivity, corrosion 
resistance, and suitability for spot welding. 
The processing sequence and the etchant 
composition were: 








* Remove mill markings from precut sheet 
in organic solvent 

© Immerse for 5 min in nonsilicated alkaline 
cleaner 30 to 45 g/L (4 to 6 oz/gal.) at 77 to 
88 °C (170 to 190 °F) 

© Rinse thoroughly 

* Treat anodically in hydrochloric acid 
(25% by volume) for 5 s at current density 
of 1100 to 2200 A/m? (100 to 200 A/ft?) 

* Rinse thoroughly 

* Oven dry at 90 to 120 °C (200 to 250 °F) 


* Coat with diluted photosensitive resist 
(proprietary material) 

* Bake at 120 °C (250 °F) for 10 min 
(typical) 

* Mount artwork 

€ Expose to ultraviolet light 

© Develop image for 2 to 3 min by immer- 
sion in resist developer (organic solvent) 

ө Postbake 20 min at 120 °C (250 °F) (typi- 
cal) 

е Preactivate by anodic treatment as the 
fourth item above 

* Rinse thoroughly without delay 

@ Without delay, etch by immersion for 20 
to 30 min in the following solution at 43 to 
49 °С (110 to 120 °F), using work agita- 
tion: 















Concentrate. 
Nitric acid, 7076 . 
Sulfuric acid, 96% . 
Phosphoric acid, 85% 
Acetic acid, 99% 
Water 

Total .... 








* Remove from bath as soon as blanking is 
complete 

* Rinse thoroughly 

* Remove resist with organic solvent plus 
scrubbing 


The completed matrix was deburred and 
smoothed, when necessary, in a bright dip 
or chemical polishing bath. Large areas of 
bare nickel adjacent to the masked area 
were avoided to conserve etchant and to 
minimize gas evolution and local heating, 
which could affect adhesion of the resist or 
cause local variation in removal rate. A 
chemically resistant screen at the bottom of 
the tank was used to remove pieces of 
nickel that became detached from the work 
and would unnecessarily shorten bath life if 
left to dissolve. 

Support legs at the periphery of the ma- 
trix were cut away after processing. Mini- 
mum line width was 0.53 mm (0.021 in.). 
Time required for complete blanking, 20 to 
30 min, was reduced to about 4 min in test 
runs by spray etching preactivated surfaces. 
Monel matrices were produced experimen- 
tally by chemical blanking in a similar but 
more dilute etchant. 

Printed Circuit Etching. A special use of 
chemical blanking is in the manufacture of 
printed circuit cards, to etch away the cop- 
per cladding from defined areas of plastic 
laminate, leaving a pattern of resist-pro- 
tected conductor circuits on the plastic pan- 
el. The techniques are essentially the same 
as those for other PCM applications, but 
usually are applied to 30 or 60 g (1 or 2 oz) 
copper foil bonded to plastic panels about 
0.25 to 6.4 mm (0.010 to 0.250 in.) thick. In 
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some applications, the masking material is 
used only as an intermediate coating to 
define the areas on which a metallic etch 
resist (such as solder, nickel, tin-nickel al- 
loy, palladium, or gold) is then electroplated 
over the copper foil. Etching is done in 
specially designed spray etchers, using hor- 
izontal conveyor-type machines for volume 
production. 

Etchants used on printed circuit cards 
include solutions of chromic acid and either 
sulfuric acid or sodium sulfate, ammonium 
persulfate, ferric chloride, and cupric chlo- 
ride. Selection of an etchant depends on 
type of product; nature of resist or resists; 
subsequent soldering or welding require- 
ments; removal rate; undercutting behavior; 
compatibility with plastic substrate (chemical 
attack, absorption, deposition of insoluble 
films); material cost; and case and cost of 
control, regeneration, and waste disposal. Ta- 
ble 4 compares the performance of six differ- 
ent etching solutions in producing 250 jum (10 
mil) lines in 60 g (2 oz) copper foil bonded to 
a plastic base. Space between lines was 125 to 
760 um (5 to 30 mils). The data in Table 4 
show that etching rate, undercut, and etching 
taper can be changed by altering the etchant 
composition; these variables can be changed 
also by adjusting the operating temperature or 
the spray velocity. 

Under rigidly controlled conditions, pat- 
terns with line widths and spacings of 125 
шт (5 mils) can be etched on 30 or 60 g (1 or 
2 oz) copper foil at constant etching time, 
with ammonium persulfate, chromic acid 
and sulfuric acid, or ferric chloride 
etchants. Etching of patterns with lines and 
spacings narrower than 125 pm (5 mils) 
presents serious problems, chiefly because 
of variation in foil thickness. Patterns with 
line widths and spacings of 500 to 760 pm 
(20 to 30 mils) can be etched on a produc- 
tion basis without the critical control of 
etchant composition, temperature, unifor- 
ity of spray distribution, etching time, foil 
thickness, and surface condition required 
for fine-line etching. 
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High-Speed Machining 


HIGH-SPEED MACHINING is a rela- 
live term from a materials viewpoint be- 
cause of the vastly different speeds at which 
different materials can be machined with 
acceptable tool life (Ref 1). For example, it 
is easier to machine aluminum at approxi- 
mately 1800 m/min (6000 sfm) than titanium 
at 180 m/min (600 sfm). Because of this 
difference and because speed determines to 
a significant degree whether a material will 
form continuous chips or segmented shear- 
localized chips, one way of defining high- 
Speed machining is to relate it to the chip 
formation process (see the section ‘*Me- 
chanics of Chip Formation" in this article), 
Localized shear occurs when the negative 
effect on Strength of increasing temperature 
due to intense plastic deformation is equal 
to or greater than the positive effect of 
strain hardening. In this context, high-speed 
machining for a Biven material can be de- 
fined as that Speed above which shear local- 
ization develops completely in the. primary. 
shear zone. 

Although appealing from a technical 
standpoint, the foregoing is not very useful 
as a practical definition. For this reason, it 
is generally preferable to define machining 
speeds quantitatively in terms of specific 
Tanges. One suggestion is that 600 to 1800 
m/min (2000 to 6000 sfm) should be termed 
high-speed machining, 1800 to 18 000 m/min 
(6000 to 60 000 sfm) very high-speed ma- 
chining, and greater than 18 000 m/min 
(60 000 sfm) ultrahigh-speed machining (Ref 
2). In the case of very-difficult-to-machine 
alloys such as titanium, it is preferable to. 
use the term high-throughput machining 
rather than high-speed machining in order 
to maintain a proper focus on realistic ma- 
chining conditions. 

The use of high-speed machining technol- 
ogy in industry has become more prevalent 
in recent years. The development of tough- 
ег, more refractory tool materials and of 
high-speed machining spindles has contrib- 
uted to this growth in acceptance. High- 
speed machining can be used to machine 
parts that require the removal of significant 
amounts of material and to machine long, 
thin webs. The need throughout industry 
and the defense establishment to reduce 
Costs and increase productivity has created 
new interest in high-speed machining. 

The rationale for continuing research and 
development in high-speed machining tech- 
nology is evident when one considers the 











funds expended in metal removal annually 
in the United States. Of the more than $100 
billion spent for metal removal, 75% can be 
attributed to the four conventional pro- 
cesses of turning, milling, drilling, and 
grinding (Ref 3). Machining costs can be 
significantly reduced only by determining 
ways to increase metal removal rates. 


Historical Background 
(Ref 4) 


The concept of high-speed machining was 
conceived by Dr. Carl J. Salomon during a 
series of experiments from 1924 to 1931 
(German patent 523594, 1931). The patent 
was based on a series of curves of cutting 
speeds plotted against generated cutting 
temperatures. These experiments were per- 
formed on nonferrous metals such as alumi- 
num, copper, and bronze. Salomon ob- 
tained speeds up to 16 500 m/min (54 200 
sfm) using helical milling cutters on alumi- 
num. His contention was that the cutting 
temperature reached a peak at a given cut- 
ting speed: however. as the cutting speed 
was further increased, the temperature de- 
creased. Figure | shows a simplified presen- 
tation of this concept. 

As the cutting speed is increased from 0 
in the normal mode, V,, the temperature 
will increase in a direct relationship until a 
peak value, T... is achieved. The cutting 
speed at T, commonly called the critical 
cutting speed, Ver- If the cutting speed is 
further increased, it was predicted that the 
cutting temperature would decline, Near 
V.,, Salomon Suggested that there was an 
unworkable regime in which cutters were 
not able to withstand the severe Process 





Cutting temperature — 


Cutting speed ——_» 


Fi 1 idealized cutting speed versus cutting tem- 
19- 1 perature plot er devine’ by Solomon. 
Source: Ref 4 





temperatures and forces. The shape of the 
curve was thought to be dependent on the 
exact nature of the base material being cut. 
When the Cutting speed was sufficiently 
increased, the resulting temperatures, at V2, 
were reduced to those of the normal cutting 
temperatures, at V,, and the materials and 
cutters would once again permit practical 
cutting procedures. The same cutting tem- 
Perature, 7,, found in the normal speed 
could possibly be reproduced in 
ced range, V;. 

The studies conducted by Salomon are 
now mainly of historical interest si 
Tent research is developing more defi 
data using more sophisticated techniques. 
In addition, interpretations. of Salomon's 
theory have been responsible for confusion. 
and false expectations concerning high- 
speed machining. 

The first systematic investigation of high- 
speed machining in the United States was 
undertaken by R.L. Vaughn at Lockheed 
Aircraft Corporation (Ref 5-7). In 1958, 
Vaughn studied a series of variables in- 
volved in traditional machining that became 
Very important in high-speed machining. 
According to Vaughn, the rate at which 
metal can be machined is affected by: 











* Size and type of machine 

* Power available 

* Cutting tool used 

* Material to be cut 

* Speed, feed, and depth of cut 


These five general variables can be broken 
down further into: 


* Rigidity of machine, cutter, and work- 
piece 

* Variations in speed from the slowest to 
the fastest, depending on machine used 

* Variations in feed and depth of cut from 
light to heavy and whether cut dry or with 
the aid of lubricant and/or coolant 

* Type and material of Cutting tool 

* Variations in cutter shape and geometry 

* Type and physical characteristics of work 
materia] 

* Specific requirements of desired cutting 
speed, tool life, surface finish, horsepow- 
er required, residual stress, and heat ef- 
fects 


Recent advances in the development of 
Computer control systems have provided 
the capability of accurately manipulating 
high-performance, automatic production 
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machines. Progress in the field of bearing 
design, alternative spindle power sources, 
automatic tool changing, tool retention de- 
vices, and cutter materials has also made 
contributions toward proving Vaughn's ex- 








ed by the U.S. Navy with Lockheed Mis- 
siles & Space Company (Ref 8-10). The 
objective of these studies was to determine 
the feasibility of using high-speed machi 
ing in a production mode, initially with 
aluminum alloys and later with nickel- 
aluminum-bronze. A team of researchers 
demonstrated that it was economically fea- 
sible to introduce high-speed machining 
procedures into the production environ- 
ment to realize major improvements in 
productivity. This resulted in a significant 
increase in overall interest and a very 
active period of both experimental and 
applied research, as can be noted in a 
review of the literature. For example, im- 
portant data concerning the effect of cut- 
ting speed and cutter geometry on cutting 
temperature when turning 2014-T652 alu- 
minum were provided by F.J. McGee (Ref 
11). These data indicated that cutting tem- 
perature curves tend to peak near the 
melting point of the aluminum alloys. 

In the late 1970s and early 1980s, a third 
series of contracts was awarded by the U.S. 
Air Force to the General Electric Company 
to provide a data base for the machining of 
aluminum alloys, titanium alloys, nickel- 
base superalloys, and steels. These studies 
were spearheaded by D.G. Flom (Ref 1, 12- 
19) and R. Komanduri (Ref 20-27), and the 
results will be the focus of this article. 











Mechanics of Chip 
Formation (Ref 26) 


Two types of chip formation have been 
observed in high-speed machining. depend- 
ing on the type of work material to be 
machined and its metallurgical conditions. 
They are the continuous chip and the shear- 
localized (segmental) chip, a term arising 
from the intense deformation (or shear lo- 
calization) between the segments. Continu- 
ous chips are likely to occur in the high- 
speed machining of a metal or alloy of 
body-centered cubic/face-centered cubic 
crystal structure, high thermal diffusivity, 
and low hardness, such as aluminum alloys 
or soft low-carbon steel. The shear-local- 
ized chip formation process has been stud- 
ied and understood in some detail only 
recently. Shear localization occurs with 
such materials as titanium alloys, nickel- 
base superalloys, and hardened alloy steels, 
which are characterized by low thermal 
diffusivity, hexagonal close-packed crystal 
structures, and high hardnes: 

Figure 2 shows the various surfaces in- 
volved in the formation of shear-localized 











chips. The process is divided into two 
stages. The first involves plastic instability 
and strain localization in a narrow band in 
the primary shear zone, leading to cata- 
strophic shear failure along a shear surface. 
The surface originates from the tool tip 
almost parallel to the cutting velocity vector 
and gradually curves concavely upward un- 
til it meets the free surface. In the second 
stage, a gradual buildup of the segment (a 
low-deformation process) is caused by the 
flattening of the wedge-shaped work mate- 
rial ahead of the advancing tool. Initial 
contact between the segment being formed 
and the tool face takes place at the apex of 
the tool and is of extremely short duration. 
The contact increases as the flattening 
progresses. There is almost no relative mo- 
tion between the bottom surface of the chip 
segment being formed and the tool face until 
near the end of the flattening stage. The 
chip segment being formed pushes gradual- 
ly against the previously formed chip seg- 
ment. The contact between the segment 
being formed and the one before it shifts 
gradually, beginning close to the work sur- 
face and gradually shifting toward the tool 
face as flattening progresses. As the upset- 
ting of the segment being formed progress- 
es, intense concentrated shear bands (white 
etched bands) appear between the segments 
in a longitudinal midsection of a chip (the 
regions are marked by arrows in Fig. 3b). 
These bands are caused by the buildup of 
stresses in the primary zone and are actual- 
ly formed during this upsetting stage. 
Once shear-localized chips are formed 
above a certain speed. they persist with 
increases in speed. No further transition 
into different chip forms occurs, at least up 
to ~30 000 m/min (~100 000 sfm). 
Because they are easier to dispose of, 
shear-localized chips are preferable to con- 
tinuous С! especially at higher speeds 
where individual segments of a chip are 
completely isolated. Formation of the 
shear-localized chip, however, has not been 
accompanied by any rapid reduction of tool 
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Fig. 2 Schematic of the shear-ocalized chip forma; 
9. 2 tion process that occurs in the high-speed 
machining of certain materials. 1, undeformed surfaces; 
2, part of the catastrophically shear-failed surface sep- 
arated from the following segment due to intense shear; 
3, intense shear bond formed due to colostrophic shear 
during the upsetting stage of the segment being formed; 
4, intensely sheared surface of a segment in contact with 
the tool and subsequently slid along the tool face; 5, 
intense localized deformation in the primary shear zone; 
6, machined surface. Source: Ref 26 


wear at high speeds, Whether or not forma- 
tion of this chip reduces the forces and 
stresses on the tool has yet to be proved. 
With scveral ]s and alloys, the de- 
gree of segmentation depends directly on 
cutting speed (Ref 1). An example is AISI 
4340 steel, for which continuous chips are 
formed at 120 m/min (400 sfm), as shown in 
Fig. 4(a). At 975 m/min (3200 sfm), howev- 
er. completely segmented and detached 
chips are formed (Fig. 4b). Similarly, In- 
conel 718, a nickel-base superalloy, forms 
relatively continuous chips below 60 m/min 
(200 sfm), but within the range of 60 to 120 
m/min (200 to 400 sfm), segmentation be- 
gins. At higher speeds, severe detachment 
occurs (Fig. 5). Titanium alloys such as 
Ті-6А1-4У are unique in that they form 
segmented chips at all speeds regardless of 
their heat treatment conditions. 
Analytical modeling of the chip forma- 
tion process has been conducted in high- 
speed machining within the framework of 
continuum mechanics (Ref 28-33). The the- 
oretical and metallurgical features of chip 
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Examples of continuous (о) and segmented (b) chip formation. Arrows indicate areas of shear localization. 
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(b) 


Fig. 4 Енес of cutting speed on chip formation of AISI 4340 steel. (a) Cutting speed of 120 m/min (400 sfm). (b) Cutting speed of 975 m/min (3200 sfm). Source: Ref 1 


formation have been organized into a de- 
tailed engineering analysis, the main fea- 
tures of which are: 


* Chip geometry and morphology 
* Kinematics 

* Deformation zones 

* Cutting forces 


The theory applies both to continuous and 
segmental types of chips and is based on 
constitutive laws for the machined materi- 
als. The continuous, ribbonlike chip can be 
described in terms of shear lamellae joined 
by intense, thin shear bands. The thickness 
of a lamella depends on how far a crack can 
propagate before being arrested by the plas- 
tic state of the material at the crack tip. This 
distance is a material property and does not 
depend on cutting speed. Initial confirma- 
tion of this prediction is obtained in machin- 
ing aluminum. Chips in the speed range of 
150 to 4500 m/min (500 to 15 000 sfm) show 
virtually no change in lamellar thickness 
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with speed, The metallurgy associated with 
shear fracture is important. The theoretical 
work strongly suggests that a miniature 
shear crack in front of the tool edge is 
essential for the observed chip formation. 
Analysis of the transition from the con- 

tinuous-type chip to the segmental-type 
chip as a function of cutting speed has led to. 
the formulation of a stability principle, 
based on the properties of the stress-strain- 
strain rate surface under adiabatic deforma- 
tion conditions. Such surfaces exhibit a 
locus of instability expressed by: 

5r 

—=0 

by 
where т is stress and y is strain for various 
strain rates (Fig. 6). Because the strain and 
velocity conditions in metal cutting are a 
coupled set of variables, a speed can be 
identified at which the chip formation mech- 
anism becomes unstable and chip segmen- 
tation begins. Within the range of practical 
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cutting speeds, the onset of chip segmenta- 
tion depends primarily on speed through 
influence of the latter on strain rate. In 
addition, thermal and mechanical proper- 
ties, for example, hardness, play a signifi- 
cant role. The onset of segmentation 
changes the character of the cutting force 
and the stress distribution on the tool face. 

In addition to the modeling just de- 
scribed, a two-dimensional finite-difference 
computer program has been investigated for 
modeling high-speed machining processes 
(Ref 28). The code solves the basic equa- 
tions of continuum mechanics throughout a 
fixed mesh to obtain the deviatoric stress 
components, hydrostatic pressure, mass 
density, material velocity components, and 
internal energy as functions of space and 
time. Three calculations using the code 
have been performed—one at 60 000 m/min 
(200 000 sfm) and two at 15 000 m/min 
(50 000 sfm). In the latter calculations, one 
workpiece was twice as hard as the other. 
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2, Variation of shear stress, 7, versus shear 
Fig. 6 еп, ту, at diferent strain rates y. The 
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Fig, 7 Pels of o finite-element analysis used to simulate chip segmentation during high-speed mochning. The 
9. 7 results correspond to a cutting speed of 1800 m/min (6000 sfm) ond a rake angle of 5°. (a) Initial 
geometry, time = 0.0 s. (b) Geometry at 0.005 s. (c) Geometry at 0.008 s. (d) Geometry at 0.0085 s. Source: Ref 
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At the highest speed used, the workpiece 
behaves like a fluid; material strength ef- 
fects become more important as cutting 
velocity is reduced. In addition, the materi- 
al yields to a smaller depth beneath the 
cutting tool as velocity is decreased. The 
depth of yielding is further reduced by dou- 
bling the yield strength of the workpiece 
(simulating strain hardening). It is signifi- 
cant that the results of computer calcula- 
tions are consistent with trends observed in 
practice. In addition to use of the finite- 
difference method, a partially successful 
finite-element analysis has been made of a 
simplified, continuous-chip, orthogonal ma- 
chining process. Figure 7 shows the results 


of a finite-element analysis used to simulate 
segmented chipping. 

Simple constitutive equations can be used 
to describe the plastic-flow behavior of ma- 
terials over wide ranges of strain, strain 
rate, and temperature (Ref 28). Of the three 
materials studied—6061-T6 aluminum, Ti- 
6AI-4V, and AISI 4340 steel—the steel ex- 
hibits the greatest strain-hardening rate. Or- 
thogonal machining tests conducted on the 
same three materials at very low speeds 
have been used to determine strain distribu- 
tions in and adjacent to the deforming chips. 
A modified thermal-mechanical criterion of 
instability predicts that the critical shear 
strains for aluminum and steel are very 
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Fig. 8 Variation of cutting force with speed for AISI 
9- © 4340 steel. Source: Ref 1 


much higher than those for the titanium 
alloy at moderate cutting speed; the differ- 
ences in these strains increase markedly 
with increasing speed. The strain rate for 
transition from a simple mechanical to a 
thermally induced shear failure process can- 
not yet be determined from first principles, 


High-Speed Machining 
Parameters 


Cutting Force Versus Speed. 11 has been 
confirmed that cutting force decreases with 
increasing speed until a minimum is reached 
at a speed characteristic of the given work- 
piece material. Beyond this characteristic 
speed, the force tends to slowly increase. 
For example, force for AISI 4340 steel 
continues to decrease with increasing speed 
until about 1500 m/min (5000 sfm), at which 
point the force begins to increase with 
speed (Fig. 8). Most of these data were 
generated on two lathes—a high-speed 500 
mm (20 in.), 110 kW (150 hp) engine lathe 
and an 800 mm (32 in.), heavy-duty, 95 kW 
(125 hp) engine lathe (Ref 35). The two 
curves at each feed in Fig. 8 represent data 
from each lathe. Additional confidence in 
these results is provided by force measure- 
ments for AISI 4340 steel machined at the 
Denver Research Institute (DRI) during bal- 
listic experiments. 

As shown in Fig. 8, the DRI data lie on an 
extrapolation of the curve generated at a 
feed of 0.23 mm/rev (0.009 in./rev). Similar 
to AISI 4340 steel, aluminum 6061-T6 ex- 
hibits an initial decrease in force with in- 
creasing speed up to about 3000 m/min 
(10.000 sfm), beyond which the force in- 
creases slightly. In contrast to the results 
for AISI 4340 steel and aluminum, the cut- 
ting force for titanium is relatively unaffect- 
ed by speed. The decrease in force with 
speed observed for several materials does 
not mean a lowering of horsepower require- 
ments; however, one can take advantage of 
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Fig. 9 Variation of chip/tool interface 





the lower forces at high speed (especially 
with lighter chip loads) to machine accu- 
rately both thin webs and unsupported sec- 
tions of a part. The practical top cutting 
speed for aluminum does not appear to be 
limited by cutting tool wear; spindle speed 
and power are the controlling factors. It 
should be obvious, however, that high spin- 
dle speeds alone do not ensure high metal 
removal rates. High feed rates and adequate 
depths of cut are also needed. Depending on 
the types of cut being made (straight or 
contoured), the speed of response of the 
machine tooi and its control may be critical. 

Cutting Temperature Versus Speed. 
The evidence indicates that the chip/tool 
interface temperature increases with speed, 
approaching the melting point of the work 
material (Fig. 9), rather than falling off at 
very high speeds, as had been claimed by 
Salomon (Ref 36). Because the melting tem- 
perature of aluminum alloys is low (~540 
*C, or 1000 °F) and well below the temper- 
ature limitations of carbide and coated car- 
bide tools, the top cutting speed for alu 
num alloys appears unlimited from a cutting 
tool point of view. Table 1 lists the softening 
points of tool materials, along with the 








Table 1 
workpiece materials 


Softening points of tool materials and mel 


mperature with speed for AISI 4340 steel. Adapted from Ref 36 


melting points of some common workpiece 
materials. 

Surface Finish Versus Speed. There are 
indications that surface finish tends to im- 
prove with increasing speed, but these re- 
sults are not conclusive. Some of the rea- 
sons could be due to: 





* Burnishing action due to tool wear 
* Smaller chip load used 
* Dynamic response of the cutter 


Cutting Tool Materials 
(Ref 37) 


Contrary to predictions based on early 
work in high-speed machining (see the sec- 
tion "Historical Background” in this arti- 
cle). there does not appear to be an upper 
speed range at which cutting temperatures 
decrease with increasing speed. The general 
Observation is that as speed is increased, 
the temperature approaches the melting 
point of the workpiece material as a maxi- 
mum. Because tool wear is usually strongly 
dependent on temperature, tool wear is the 
major factor limiting cutting speed, the main 
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Softening point Г Melting point — 
‘Too! material H т Workpiece material СЫ т! 
High-speed steel ‘600 THO ‘Aluminum 600-660 1110-1220 
Tungsten carbide. . 1100 2010 Superalloys 1300-1400 2370-2550 
Aluminum oxide . .. 1400 2550 Ste 1450-1500 2640-2730 
Cubic boron nitride. 1500 2730 Titanium 1600-1650 2910-3000 
Diamond ......... 1500 270 Zirconium 1800-1850 3270-3360 





Source: Ref 37 
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Cutting speed, sfm 
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exception to this being aluminum machin- 
ing. 

Wear Mechanisms. A 10-year research 
program on tool materials for high-speed 
machining concluded that the two major 
wear mechanisms associated with high- 
speed machining are high-speed chemical 
dissolution wear and high-speed diffusion- 
limited wear (Ref 37). In the range of cutting 
speeds used in high-speed machining, the 
chemical dissolution of the tool material 
into the workpiece is the most important 
contributor to wear. In essence, the tool 
material dissolves into the flowing chip. The 
tool material that is the most resistant to 
dissolution exhibits the least wear. 

‘The second consideration is that of diffu- 
sion-limited wear. As the cutting speed is 
increased, the cutting temperature rises to à 
level at which seizure of the chip material 
occurs everywhere on the tool face. This 
layer of adherent material becomes saturat- 
ed with tool constituents and serves as a 
diffusion-boundary layer, reducing the rate 
of transport of tool material into the chip 
and consequently the wear rate. The wear 
phenomenon becomes increasingly diffu- 
sion-limited, and the observed dramatic de- 
crease in wear occurs with increasing 
speed. Because the diffusivity increases ex- 
ponentially with temperature. a further in- 
crease in cutting speed beyond the speed for 
minimum wear produces a rapid increase in 
wear rate, as shown in Fig. 10. 

Cutting Tool Selection. Consideration of 
the wear mechanisms of tool materials dur- 
ing high-speed machining suggests three 
possibilities for tool development: 





е Pick a tool material that is so chemically 
stable with respect to the workpiece that 
chemical dissolution of the tool does not 
occur to a significant extent, even at the 
melting point of the workpiece 

* Promote the transition to the diffusion- 
limited wear regime 

е Isolate the tool from the workpiece rather 
than a modification of the tool material 
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Fig. 11 Schematic of ledge tool, which is designed to increase productivity during the high-throughput machining of titanium. (o) Ledge tool mounted on ө conventional 
9. toolholder. (b) A turning operation using о ledge tool. Source: Ref 27 


itself. If a protective layer could be intro- 
duced between the tool and the chip, 
transport of the tool constituents into the 
chip could be prevented. The use of vis- 
cous lubricants in the profile milling of 
titanium has proved successful (Ref 38) 


Tool Systems for Aluminum Alloys. In 
aluminum alloys, the cutting temperature is 
limited by the low melting point and high 
thermal conductivity of aluminum. Chemi- 
cal effects are minimal, and wear is primar- 
ily a result of the abrasion of the tool 
material by hard second-phase particles. 
Abrasion resistance increases with the 
hardness of the tool material; high-speed 
steel tooling and cemented carbide tooling 
are suitable for machining most structural 
alloys, and polycrystalline diamond is pre- 
ferred for the highly abrasive cast alumi- 
icon (10 to 20% Si) alloys (see the 
Machining of Aluminum and Alu- 
minum Alloys" in this Volume for a discus- 
sion of machining high-silicon aluminum 
alloys). Existing tool materials are adequate 
for machining aluminum alloys at any con- 
ceivable speed, with spindle speed and 
horsepower design limitations setting the 
upper limit on cutting speed. 

Tool Systems for Steel. The oxides are the 
only potential tool materials that are not lim- 
ited by their chemical stability. Therefore, the 
most promising area for tool material devel- 
opment is in improving the toughness and 
flow strength of the oxides. A second possi- 
bility involves the development of tool mate- 
rials with improved hot strength. The devel- 
opment of tool materials other than cubic 
boron nitride (CBN) with high hot strength in 
the range of 1300 to 1400 °C (2400 to 2600 °F) 
might allow a transition from dissolution-lim- 
ited 10 diffusion-limited wear, with a corre- 
sponding increase in tool life. Finally, the 
wear of CBN in the machining of steels of 
moderate hardness (35 to 50 HRC) should be 
investigated to determine whether a transition 








to a low-wear regime (similar to that which 
has been observed in hard steels) occurs at 
sufficiently high cutting speeds. If so, machin- 
ing in the range of 1200 m/min (4000 sfm) and 
above may be feasible. 

Tool Systems for Superalloys. The rec- 
ommendations are similar to those for steel. 
The oxides are quite chemically stable with 
respect to nickel and cobalt, making the 
development of tough oxide materials a 
priority. In addition, the transition to diffu- 
sion-limited wear is known to occur at high 
speeds; therefore, any new high hot 
strength compositions will likely find appli- 
cation in the machining of superalloys. A 
possible example is the class of tool mate- 
rials based on silicon nitride (Si,N4) and 
alloys of Si,N, and aluminum oxide 
(ALO,), referred to as SiAION (see the 
article "Ceramics" in this Volume). These 
tool materials are very effective in machin- 
ing nickel-base alloys at high speeds. In 
light of the relatively poor chemical stability 
of these materials, it is suspected that they 
represent the second example (in ad 
to CBN) of a tool material that has sufficient 
hot strength to enable the very high speed 
wear transition. 

Tool Systems for Titanium Alloys. Tita- 
nium has low thermal conductivity. low spe- 
cific heat, and a high melting point. These 
properties ensure that cutting temperatures 
will be high at even moderate cutting speeds. 
In addition, titanium is highly chemically re- 
active with all known tool materials, causing 
rapid wear. It is quite likely that the most 
wear resistant materials—tungsten carbide 
and diamond—have already been identi- 
fied. Therefore, the most promising area 
for investigation is the development of 
effective lubrication techniques to reduce 
the interaction between the tool and the 
chip. In addition, new tool geometries, 
such as the ledge tool described below, 
have also increased the productivity of 
machining titanium alloys. 












Alternative Cutting Tool 
Geometries (Ref 27, 28) 


Rapid tool wear remains a problem in the 
machining of titanium and other difficult-to- 
machine alloys, even though cutting speeds 
for titanium have been recently increased 
three- to fivefold through judicious choice of 
cutter grades and geometries, fluids, and ma- 
chining parameters. Partial solutions to the 
tool life problem lie in new tool geometries 
and the use of rotating cutters. 

The Ledge Tool. The concept underlying 
the ledge tool (Fig. 11) is very simple: The 
tool contains a ledge that is allowed to wear 
away at a controlled rate with only minimal 
increase in force. Thus, tool wear has not 
been reduced, but tool life has been greatly 
increased. The size of the ledge (overhang) 
equals the depth of cut desired, and its 
thickness equals the ultimate flank wear 
width to be tolerated. In turning, the square 
tool with the ledged side is brought against 
the workpiece so that clearance is available 
between the edge of the ledge and the 
finished surface of the workpiece (that is, 
the end cutting edge angle, =1°), as shown 
in Fig. 11. Because the depth of cut is the 
same or less than the width of the ledge, 
only the ledge portion of the tool does the 
cutting and wearing. The ledge wear back is 
due 10 a combination of flank wear and 
microchipping wear. With this tool, cutting 
speeds for titanium alloys can be increased 
five times over conventional speeds, with 
long tool life (~30 min) and good finish (Fig. 
12). The sparking that accompanies tool 
wear at high cutting speeds has been elimi- 
nated by surrounding the tool/workpiece 
interface with inert gas (№,) or by submerg- 
ing the workpiece in a cutting fluid. A 
combination of a flood lubricant and an 
inert gas also serves to eliminate sparks and 
to keep the workpiece cool. 

Ledge tools have also been evaluated in 
the face milling of forged Ti-6AI-2Sn-4Zr- 
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Fig. 12 Variation of ledge wear back with cutting 
g. time for different carbide grades when 
turning Ti-6AI-4V at 180 m/min (600 sfm) with a depth of 
cut of 0.75 mm (0.030 in.) ond a feed of 0.023 mm/rev 
(0.009 in./rev). Source: Ref 27 


2Mo. The results have been comparable to 
those in turning except the rate of ledge 
wear back was about three times faster in 
milling; on a microscopic level, the mode of 
tool wear is the same. Figure 13 shows the 
variation of ledge wear with cutting timc 
and volume of material removed. 

Another incremental approach for in- 
creasing tool life when machining titanium 
alloys is a new cutting geometry comprised 
of a high clearance angle (10 to 15°) together 
with a high negative-rake angle (—10 to 
—15°). This geometry will also allow the use 
of a conventional insert on a modified tool- 
holder (Ref 39). 

Rotary tool machining is another tech- 
nique that holds promise for extending tool 
life. In this method, a tool with a circular 
cutting edge is allowed to rotate about its 
own axis, either self-propelled by the cut- 
ting process or driven externally at the 
desired speed, As cutting proceeds, new 
portions of the cutting edge are continuou 
ly brought into contact with the workpiece 
at the cutting zone. Thus, increased tool life 
can be anticipated because of lower temper- 
atures and reduced chemical reactions at 
the moving chip/tool interface, and reduced 





cutting forces can be anticipated because of 
increased options for modifying the chip 
formation. 


lications of High-Speed 
Machining (Ret 26) 


High-speed machining is used in the de- 
fense and airframe industries to manufac- 
ture aircraft engine propulsion components 
and in the automobile industry. When high- 
speed machining is accompanied by higher 
feed rates and spindle power, the higher 
spindle speeds allow higher removal rates. 
Increased productivity, however, necessi- 
tates high-speed, high-power, compact 
spindle designs; low-inertia feed tables; fast 
feed drives; quick-response numerical con- 
trol; and a totally integrated machining sys- 
tem. 

A typical integrated machining system 
consists of multiple machining cells that will 
fabricate large machine parts under hierar- 
chical computer control in an effective, 
cost-efficient manner (Ref 40). Benefits of 
the integrated machining system include: 


* Reduced labor requirements 

* Improved throughput with the applica- 
tion of high-speed and high-throughput 
machining 

* Enhanced production flexibility and re- 
duced work-in-process through establish- 
ment of a serial production environment 

* Improved product quality and enhanced 
industrial base 

Figure 14 shows an isometric view of an 

integrated machining system. Such a sy 

tem can take up to more than 9000 

(100 000 ft?) of floor space. 

Airframe and Defense. Most airframe 
manufacturers have implemented high- 
speed machining. Its primary application is 
in end milling with small-size cutters. Alu- 
minum alloys are the common work mate- 
rials used, so tool wear is not a limitation, 
especially with carbide cutters. The ideal 
candidates for high-speed machining are 








High-Speed Machining / 603 


parts whose machining time is a significant 
fraction of the floor-to-floor time. The ideal 
cuts are long, straight ones that enable the 
use of high feed rates and consequently high 
removal rates. Although some parts may 
fall under this category, there are others 
that are suitable for high-speed machining 
but require extensive pocketing and com- 
plex contouring. Both pocketing and con- 
touring can involve frequent accelerations 
and decelerations in feed rates. 

Tool-changing lime can be reduced by 
using as few cutters as possible, eventually 
using only one, smallest-diameter cutter ca- 
pable of generating all the radii on the part. 
Modifying the design of the part may enable 
the use of high-speed machining and may 
be desirable if the modification can be 
achieved without compromising the part 
performance specifications. Further, al- 
though high-speed steel tools may be satis- 
factory for some applications, carbide cut- 
ters will not only extend tool life but also 
provide about three times the stiffness, 
which is essential for machining long, thin 
webs with slender end mills. 

The integrated machining system shown 
in Fig. 14 is used to machine both aluminum 
and titanium. For the high-speed machining 
of aluminum parts. metal removal rates of 
3300 cm"/min (200 in.*/min) are possible 
using machines with up to 55 kW (75 hp) 
spindle drives and spindle speeds approach- 
ing 20 000 rev/min. For the high-throughput 
machining of titanium alloys, metal removal 
rates of the order of 165 cm*/min (10 in.*/ 
min) using 95 kW (125 hp) spindle drives 
and up to 833 rev/min spindle speeds are 
ible. Many high-speed machining appli- 
cations, however, do not require such ma- 
chine capabilities. For example, a 15 kW (20 
hp), 20 000 rev/min spindle is used to ma- 
chine A7 wing spars made of 7057-T6 alu- 
minum (Ref 26). The feed rate is 15 000 mm/ 
min (600 in./min) on long, external tapered 
flanges and 7500 mm/min (300 in./min) in 
pocket areas: the metal removal rate is 1300 
em*/min (80 in.*/min). 
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Fig. 13 Variation of ledge wear back with cutting fime (а) ond with the volume of material removed (b) for different carbide grades when face milling a Ti-GAI-2Sn-4Zr-2Mo 
ig. alloy (36 HRC). Tool: 0.75 mm X 1.0 mm (0.030 in. X 0.040 in.). Cutting speed: 155 m/min (515 sim). Chip load per tooth: 0.23 mm (0.009 in.). Axial depth: 


0.75 mm (0.03 in.). Source: Ref 28 
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Retrofitted machining centers with 20 kW 
(26 hp), 18 000 rev/min high-speed spindles 
are used for the high-speed machining of 
7075-T6 aluminum parts for the Trident 
ile (Ref 26). The worktable has a feed 
capacity of 5000 mm/min (200 in./min). The 
high-speed system incorporates such safety 
features as a double lock for the toolholder 
and sensors that can shut down the machine 
quickly if tool breakage creates an imbal- 
ance. 

A major commercial airline manufactur- 
er uses six-axis machining centers for the 
contour milling of aluminum honeycomb 
for engine nacelles (Ref 26). The system 
has a 3.3 m (11 ft) diam rotary table 
capable of a full 360° rotation. The spindle 
is mounted on the gantry and can tilt 240* 
and rotate 360°. A unique feature of this 
system is the use of a graphite-fiber rein- 
forced plastic ram. This ram provides the 
required stiffness and reduced weight nec- 
essary for the high feed rates of low-inertia 
parts. The high-speed machining systems 
utilize high-speed (24 000 rev/min) 11 KW 
(15 hp) spindles. 

Aircraft Engine Propulsion. Nickel-base 
superalloys and titanium alloys are the work 
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materials most often used in aircraft engine 
propulsion components. These cause rapid 
tool wear at high speeds, which constitute a 
major limitation in the high-speed machin- 
ing of propulsion parts. Until recently, the 
cutting speeds possible with nickel-base su- 
peralloys were about 30 m/min (100 sfm) 
with carbide cutters and about 9 m/min (30 
sfm) with high-speed steel tools. The devel- 
opment of CBN and ceramics such as hot- 
pressed AI,O, plus TiC, SiAION, and sili- 
con carbide (SiC) whisker-reinforced Al,O, 
has made possible an increase in cutting 
speeds from 30 to 180 m/min (100 to 600 
sfm) for machining nickel-bas 
These ceramic tool materi 
tougher and more consistent in performance 
than the ceramics introduced in the 1950s. 
SiAION and SiC whisker-reinforced Al;O; 
are recommended for roughing, and hot- 
pressed ALO,-TiC for finishing applica- 
tions. Although new, tougher ceramic tool 
materials, perhaps based on ceramic com- 
posites, will undoubtedly be developed in 
the future, it is unlikely that cutting speeds 
will exceed 600 m/min (2000 sfm), because 
tool wear will continue to be a limitation. As 
described earlier in this article, innovative. 





Integrated machining center for the high-speed and high-throughput machining of oluminum and titanium, respectively. AGV, automated guide vehicle; AS, 
automated storage; RS, retrieval system. Source: Ref 40 


tool designs and geometries, such as the 
ledge tool, have improved productivity in 
titanium machining. 

Automobile Industry, High-speed ma- 
chining in the automobile industry is per- 
formed on gray cast iron and aluminum 
alloys, especially the high-silicon type. Sil- 
icon nitride ceramic and polycrystalline di- 
amond are the important tool materials that 
permit higher speed with longer tool life. 
Gray cast iron can be machined at a speed 
of about 1500 m/min (5000 sfm) with Si;N, 
tools, and aluminum alloys with high silicon 
content (10 to 20%) can be machined at 
about 750 m/min (2500 sfm) with polycrys- 
talline diamond tools. 

In working with these materials, the cur- 
rent high-speed machining syste: 
provide more power and stiffn 
proved chip-handling means, controls, and 
safety features. High-speed machining with 
these materials may require spindle power 
from 150 to 375 kW (200 to 500 hp). Chip 
removal rates can reach 16 000 cm°/min 
(1000 in.Vin.), necessitating efficient chip 
disposal systems. Because products are 
mass produced in this industry, the nonma- 
chining time should be minimal. 
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Implementing High-Speed 
Machining (Ref 26) 


There are several factors to be considered 
by companies planning to employ high- 
speed machining systems. Whether high- 
speed machining is economically appropri- 
ate to the application, the relative value of 
various systems, and how well the system 
can be integrated into existing operations 
must all be evaluated. Other areas to con- 
sider are the research and development 
support required, system reliability and 
maintenance, overall safety aspects, gener- 
al acceptance on the manufacturing shop 
floor, capital and other investment costs, 
the skills required, corporate goals, and the 
financial health of the company. The overall 
goal should be to improve productivity, 
reduce costs, and produce parts of a given 
size, shape, finish, and accuracy at compet- 
itive cost. 

Productivity and overall costs depend on 
cutting time, noncutting time, labor, and 
overhead. High-speed machining can de- 
Crease cutting time by increasing cutting 
speed, Noncutting time can be decreased by 
the automatic loading and unloading of parts, 
automatic tool changing, in-process inspec- 
tion, in-process sensing, and adaptive con- 
trol. Labor costs can be decreased because 
with high-speed machining fewer operators 
are needed to work on fewer, more efficient 
machine tool systems. Similarly, overhead 
costs can be reduced by operating fewer, 
more efficient machine tools on two or more 
shifts and during holidays and at night. 


In order to evaluate the influence of cut- 
ting speed on productivity, floor-to-floor 
time can be regarded as the sum of the 
cutting time and the noncutting time. Figure 
15 shows the percentage decrease in floor- 
to-floor time with an increase in cutting 
speed for different ratios of cutting time to 
floor-to-floor time, using conventional, cur- 
rently used speeds of whatever the value 
may be for a given material and process as a 
base. When the cutting time is a significant 
fraction of the floor-to-floor time and when 
tool wear at high speed is not significant 
{solid lines, Fig. 15), the cutting speed can 
be increased considerably to effect a signif- 
icant reduction in floor-to-floor time. If, 
however, this ratio is low (bottom curve, 
Fig. 15), an increase in cutting speed by 
even an order of magnitude or more will 
result in only a marginal decrease in floor- 
to-floor time. In this case, unless the non- 
cutting time could be decreased significant- 
ly, high-speed machining would not be 
advantageous. 

When an increase in cutting speed does 
not contribute to a significant reduction in 
floor-to-floor time and when tool wear is 
significant at high speeds, as in the 
chining of titanium alloys (dashed line, 
Fig. 15), high-throughput machining can 
be adopted to reduce noncutting time and 
1o increase productivity. Similarly, where 
heavier cuts can be made on the part 
without affecting either the part finish and 
accuracy requirements or the cutting tool 
performance, greater depths of cut (as in 
high removal rate machining) are recom- 
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mended instead of higher speed (see the 
article High Removal Rate Machining" 
in this Volume). 

Future Needs (Ref 1). High-speed ma- 
chining can be cost effective only if other 
aspects of machining, including reduction of 
noncutting times and labor costs, can also 
be improved. For this reason, automated 
machining, such as the integrated machin- 
ing system discussed earlier, is receiving 
much attention. Dynamic in-process inspec- 
tion is an integral part of automated machin- 
ing. Sensors and diagnostics have been 
identified as critical to effective in-process 
inspection. Recently, proximity sensors for 
measuring tool wear, vibration sensors for 
measuring tool-touch (between cuts), and 
lasers for measuring workpiece dimensions 
have been studied, The integrated machin- 
ing system shown in Fig. 14 utilizes a coor- 
dinate-measuring machine as its inspection 
module. 

Some of the specific needs for the in- 
creased use of high-speed machining are: 


* Integrated sensing techniques for moni- 

toring machining processes 

Sensors and diagnosti 

breakage (including inci 

age) 

Linkage of signal analysis to tool wear 

mechanisms and machining variables 

Self-teaching adaptive control systems 

Faster response in machine tool controls 

when machining aluminum 

Better cutting tools (composition and ge- 

ometry) for machining titanium 

Water-base cutting fluids for machining 

titanium 

* Morc reliability and predictability in cut- 
ting tools 

* Greater machine tool rigidity for in- 
creased productivity 

* More notch-resistant cutting tools for su- 
peralloys 





e ee è o 


In addition to the above-mentioned tech- 
nical needs, significant reductions in non- 
cutting time can be achieved by procedures 
that to a large extent involve improved 
management. These procedures include set- 
up, part load/unload, queing, chip cleanup, 
tool change, maintenance, scheduling, and 
general operator efficiency. Until improve- 
ments in these procedures are achieved, 
cutting times will remain only a small frac- 
tion of the overall manufacturing sequence, 
and the full advantages of high-speed ma- 
chining will not be realized. 
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High Removal Rate Machining 


HIGH REMOVAL RATE (HRR) MA- 
CHINING involves the use of extremely 
rigid, high-power, high-precision machines, 
such as roll turning lathes, to achieve mate- 
rial removal rates far beyond the capacity of 
conventional machine tools. Material re- 
moval rates as high as 6000 cm "/min (370 
in.*/min) have been reached using multiple 
ceramic cutters on high-carbon (0.8% C) 
heat treated cast steel rolls. This article will 
review the machine requirements, cutting 
parameters, and applications associated 
with HRR machining. Additional informa- 
tion can be found in Ref 1 to 5. 


Machine Requirements 


The key to success in HRR machining is 
extreme rigidity in machine, workpiece, and 
cutting tool setups. Figure 1 shows a "S 
per-Lathe”’ capable of making cuts as deep 
as 25 mm (1 in.) at feeds up to 1.3 mm/rev 
(0.050 in./rev) on hardened steel and chilled 
cast iron rolls. Metal removal rates as high 
as 4500 kg/h (10 000 Ib/h) can be achieved 
with such machines, which have power 
ranges from 100 to 450 kW (150 to 600 hp) 








and can produce up to 400 kN (95 000 Ibf) of 
output torque at the spindle. Workpieces of 
softer materials can also be turned, producing 
large, segmented chips. shown in Fig. 2. 

The lathe bed, which is the main structur- 
al member of the ‘‘Super-Lathe,”’ is designed 
to withstand applied loads with minimal de- 
flection. The structure is an elongated steel 
box fabricated from hot-rolled ASTM A 36 
steel that has a high elastic modulus. The six 
exterior plates of the box become the princi- 
pally stressed members. When fabricated cor- 
rectly, the unit needs no vibrational damping, 
and when subjected to maximum rated loads. 
maximum unit stresses of only approximately 
3450 kPa (500 psi) will develop in the critically 
stressed members. 

The tailstock of the machine features a 
rectangular quill that can withstand radial 
loads two or three times as great, for a given 
amount of deflection, as an equivalent cii 
lar quill with an identical bore and wall thick- 
ness. The tailstock is also fabricated from A 
36 structural steel plate. 

The method of clamping the tailstock to 
the bed again provides for maximum rigidi- 
ty. There are four clamp bars at the bottom 












Superlathe used for HRR machining. This 300 kW (400 hp) machine, which is computer numerically 


Fig. 1 coftrolled, can perform rough cuts on 1290 mm (50.75 in.) diam rolls and fi 





ing cuts on workpieces 


up to 1200 mm (47.25 in.) in diameter at maximum roll lengths of 7.8 m (25 ft, 7 in.). Courtesy of J. Binns, Sr., Binns 


Machinery Products 





edge of the tailstock; when pulled up with 
100 J (75 ft - Ibf) of torque, the force re- 
quired to separate the tailstock from the bed 
is approximately 5500 kN (625 tonf). 

The headstock is also made of heat- 
treated wrought stecl. In the power shaft- 
ing, no shaft between gears is smaller in 
diameter than the length between the gears. 
The main spindle bearing, the bull gear, and 
the ring gear (when used) are all the same 
nominal diameter as the maximum of 
the roll the lathe will turn. Additional infor- 
mation on superlathe gearing and electrical 
drive systems can be found in Ref 2 and 3 
Workpieces are gripped by an eight-jaw 
chuck. 

The carriage, which carries the cutter, 
must be capable of withstanding the maxi- 
mum torque force and feed forces with only 
a fraction of a thousandth of an inch of 
deflection. The weight and mass of the 
cross slide and saddle are important consid- 
erations because inertia can substantially 
reduce the changes in deflection of the 
carriage as the feed and cut forces vary at 
high frequency. For example, cutting forces 
suddenly drop from a maximum to almost 
zero when each segment of the chip rup- 
tures from the workpiece. Antifriction ways 
(with linear ball and roller bearings) to the 
cross slide and bed are a major factor in 
steadying the carriage. 











Fig. 2 4 large AISI 1055 steel (180 H8) chip cut on 
19. 2 an HRR machining lathe. Courtesy of J. 
Binns, Sr., Binns Machinery Products 
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Table 1 Transverse rupture 
strengths of common cutting tool 
materials 











Transverse 
rupture strength 
"Tool material MPa ksi 
ALO, рона | 100 
Al 860 125 
А 780 из 
Tungsten carbide 1380-2760 200-400 
Coated tungsten carbide 1030-2070 150-300 


High-speed steel .. 2760 (min) 400 (тіп) 





Tooling for HRR machining is also of 
considerable importance. Because the cut- 
ter shank is the link between the insert 
cutting edge and the machine, the same 
considerations in terms of rigidity must be 
given it as the bed, headstock, and car- 
riage. A number of criteria must be con- 
sidered in shank design. The first is that 
the larger and more massive the shank, the 
better it will cut. A large monobloc shank 
is both more rigid and a better heat sink 
than either a small shank or one comprised 
of a small interchangeable toolholder 
placed in a large shank. In addition, a 
properly matched shank socket and insert 
will reduce insert breakage. Becaus: 
minum oxide (AL,O4) and АО, + TiC 
inserts are low in transverse rupture 
strength as compared to alternative cutting 
tool materials (Table 1), it is essential that 
the internal stresses from the cutting forc- 
es and thermal distortion be confined as 
much as possible to the compressive state. 

Inserts should be mechanically clamped 
in place with only enough force to secure 
them while the cut is starting. After the cut 
has begun, the cut force will hold the in- 
serts. When initially clamping the inserts, it 
is important to have them solidly against the 
stops in the socket. 

Evaluating Machine Rigidity. The man- 
ner in which chips flow from the work 
indicates the variation in deflections of the 
cutting edge with respect to the workpiece 
and therefore provides a good evaluation 
of rigidity. Adequate rigidity has been 
achieved when the chip peels off as a 
smooth, continuous ribbon from the work 
(Fig. 3). After a short period of smooth 
flow, the ribbon will fall apart into short 
lengths from its own weight or movement, 
then drop into the chip chute. If the chips 
fly off like snowflakes, there is insufficient 
rigidity, and the insert will soon break. 









Cutting Tools and 
Cutting Parameters 


Although cemented carbide and cubic bo- 
ron nitride (CBN) tools can be used for 
HRR machining, А.О, + TiC tooling is nor- 
mally used, particularly for finishing cuts on 
ferrous alloys (surface finishes of 0.25 to 0.75 
um, or 10 to 30 pin., can be produced). 
Alumina-base inserts with a density of 4.30 





g/cm* and a hardness of ~95 HRA are com- 
monly used. Carbide tools are used for some 
roughing cuts. Both round and rectangular 
insert configurations are used, with the latter 
being the most common (Fig. 4). For rectan- 
gular inserts, negative-rake angles of 5 to 25° 
with 5 to 10° clearance are used; side cutting 
edge angles (lead angles) range from at least 
30° up to 90° for lap cutting at fast speeds. 
Depths of cut to 75 mm (3 in.) are possible. 
Speeds range from 6 to 240 m/min (20 to 800 
sfm), with feeds reaching as high as 6.4 mm/ 
rev (0.250 in./rev) at low speeds. The effects 
of cutting parameters on tool life are reviewed 
in Ref 3 and 4. Detailed information on ce- 
mented carbide, CBN, and ceramics can be 
found in the Section "Cutting Tool Materi- 
als" in this Volume. 

As stated earlier in this article, metal 
removal rates for ferrous materials can 
range as high as 6000 cm*/min (370 in.*/min) 
with multiple inserts. A 375 kW (500 hp) 
lathe can make cuts at more than 105 m/min 
(350 sfm) at a feed of 2 mm/rev (0.08 in./rev) 
and depths of cut of 75 mm (3 in.) in 
as-forged 52100 bearing steel rolls. This 
results in about 7700 kg (17 000 Ib) of chips 
produced per hour, which equals an energy 
rate of metal removal of 44 cm*/min/kW (2 
in.*/min/hp). 





Fig. 4 Seramic insert (bottom) used for HRR mo- 
9- & chining, along with the resulting chip (top) 
The insert cutting edge is that adjacent to the scale. 
Courtesy of J. Binns, Sr., Binns Machinery Products 


Turning tests on Inconel 718 and Ti- 
6AI-4V have produced metal removal rates 
of more than 800 cm*/min (50 in.*/min). The 
workpiece finish was between 0.75 and 2.5 


/ 





Fig. 3 Continuous 115 mm (412 in.) wide ribbon of machined material peeling off an HRR cutter. Courtesy of J. 


Binns, Sr., Binns Machinery Products 
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шт (30 and 100 pin.) With aluminum, it 
has been shown that removal rates of 3300 
cm*/min (200 in.*/min) are attainable on 
each insert of a gang tool (Ref 5). 
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Numerical Control 


THE METAL CUTTING INDUSTRY 
changed drastically during World War II. 
The ambitious aircraft and missile projects 
of the U.S. Air Force, which required the 
manufacturing of complicated and accurate. 
parts, made it clear that conventional ma- 
chine tools could not fill future needs. Un- 
der contract to the U.S. Air Force, the 
Parsons Corporation in Traverse City, MI, 
undertook the development of a flexible 
manufacturing system designed to maxi- 
mize productivity and to achieve desired 
accuracies for small and medium-sized pro- 
duction runs. The Parsons Corporation sub- 
contracted the development of the control 
system to the Servomechanism Laboratory 
of the Massachusetts Institute of Technolo- 
gy (MIT). The challenge was met success- 
fully by MIT, and in 1952 a threc-axis 
Cincinnati Hydrotel milling machine con- 
trolled with digital technology was devel- 
oped. This digital technology was termed 
numerical control (NC). Thus, the primary 
motivations for the development of NC 
systems for machine tools were the demand 
for high accuracy in the manufacture of 
complicated parts and the desire to shorten 
production time. 


Evolution of 
Numerical Control 


The first NC controllers in the 1950s used 
vacuum tubes and were extremely large. 
Controllers in the early 1960s used transis- 
tors in their logic circuits and digital control 
loops. These units were more reliable. The 
third generation of NC controllers used 
integrated circuit chips and consequently 
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became less expensive, more reliable, and 
smaller. Many of these third-generation 
controllers are still in operation. In all of 
these systems, the numerical data required 
for producing a part is maintained on 
punched tapes and inserted to the controller 
through a built-in tape reader. 

An important advance in the philosophy 
of machine tool numerical control that took 
place in the early 1970s was the shift toward 
the use of computers instead of controller 
units in NC systems. This produced both 
computer numerical control (CNC) and di- 
rect numerical control (DNC). Computer 
numerical control is a self-contained NC 
system for a single machine tool including a 
dedicated computer controlled by stored 
instructions to perform some or all of the 
basic NC functions. With DNC, several 
machine tools are directly controlled by a 
central computer. Of the two types of com- 
puter control, CNC has become much more 
widely used for manufacturing systems (for 
example, machine tools, welders, and laser 
beam cutters) mainly because of its flexibil- 
ity and the lower investment required. The 
preference of CNC over DNC is increasing 
as a result of the availability and declining 
Costs of minicomputers and microcomput- 
ers. 

One of the objectives of CNC systems is 
to replace as much of the conventional NC 
hardware as possible with software and to 
simplify the remaining hardware. There are 
many ways in which functions can be 
shared between software and hardware in 
such systems, but all involve some hard- 
ware in the controller dedicated to the indi- 
vidual machine (Ref 1). This hardware must 
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Fig. | Block diagram of a CNC machine 
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contain at least the servoamplifiers, the 
transducer circuits, and the interface com- 
ponents, as shown in Fig. 1. 

The software of a CNC system consists of 
at least three major programs: 


* A part program 
© A service program 
* A control program 


The part program contains a description of 
the geometry of the part being produced and 
the cutting conditions, such as spindle 
speed and feed rate. The service program is 
used to check, edit, and correct the part 
program and to run system diagnostics. The 
control program accepts the part program 
as input data and produces signals to drive 
the axes of motion of the machine. 

The CNC controllers of the 1980s are 
more powerful and more user friendly than 
earlier units. They incorporate trouble- 
shooting features such as on-board diagnos- 
tics, which allow self-testing of the control- 
ler, and simulation mode, which is used to 
test part programs without generating axes 
motions. Many controllers offer high-level 
programming facilities, three-dimensional 
tool path animation with graphics, tool data 
base, and preselection of cutting parame- 
ters. The modern machine controller is a 
workstation in a Local Area Network (Ref 
2). It is capable of communicating with 
other controllers and of being integrated 
into a flexible manufacturing system in the 
future, thus permitting the gradual con- 
struction of a full flexible manufacturing 
system. 

Numerical control was introduced and 
developed in the metalworking industry, 
and the largest concentration of NC equip- 
ment remains in metalworking shops. Nu- 
merical control has been successfully imple- 
mented for turning, milling, drilling, 
grinding, boring, punching, and electrical 
discharge machines. It is interesting to note 
that numerical control has made possible 
the development of machines with basic 
capabilities that far surpass those of con- 
ventional machines. For example, sophisti- 
cated NC milling machines maintain control 
over five axes of motion and can literally 
sculpt complex surfaces (Ref 3). A new 
breed of NC machine tool is the machining 
center and the turning center, which incor- 
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Fig. 2 CNC machining center. Courtesy of Cincinnati Milicron 


porate the functions of many machines into 
a single device. A machining center can 
ас multiple tools to perform such oper- 
ations as milling, drilling, boring, and tap- 
ping (Fig. 2). A turning center is a powerful 
lathe equipped with an automatic tool 
changer. Other types of NC machines in- 
clude welding machines, drafting machines, 
tube benders, inspection machines, and wir- 
ing machines in the electronics industry. 









Fundamentals of 
Numerical Control 


Numerical control equipment has been 
defined by the Electronic Industries Asso- 
ciation (EIA) as a system in which actions 
are controlled by the direct insertion of 
numerical data at some point. The system 
must automatically interpret at least some 
portion of these data. 

In a typical NC or CNC system, the 
numerical data required for producing a part 
are maintained on a disk or on a tape and 
called the part program. The part program is 
arranged in the form of blocks of informa- 
tion. Each block contains the numerical 
data required to produce one segment of the 
workpiece profile. The block contains, in 
coded form, all the information needed for 
processing a segment of the workpiece: the 
segment length, its cutting speed, feed rate, 
and so on. Dimensional information (length, 
width, and radii of circles) and the contour 
form (linear, circular, or other) are taken 
from an engineering drawing. Dimensions 


are given separately for each axis of motion 
(X, Y, and so on). Cutting speed, fced rate, 
and auxiliary functions (such as coolant on 
and off, spindle direction, clamp, and gear 
changes) are programmed according to sur- 
face finish, tolerance, and machining re- 
quirements (Ref 1-6). 

Compared to a conventional machine 
tool, the NC system replaces the manual 
actions of the operator. In conventional 
machining, a part is produced by moving a 
cutting tool along a workpiece by means of 
powered slides that are engaged and disen- 
gaged by an operator. Contour cuttings are 
performed by an expert operator by sight. 
On the other hand, the operators of NC 
machine tools need not be skilled machin- 
ists. They only have to monitor the opera- 
tions of the machine, operate the tape read- 
er, and load and remove the workpiece. 
Most intellectual operations that were for- 
merly done by the operator are now includ- 
ed in the part program. However, because 
the operator works with a sophisticated and 
expensive system, intelligence, clear think- 
ing, and good judgment are essential quali- 
fications of a good NC operator. 

Preparing the part program of an NC 
machine tool requires a part programmer. 
The part programmer should possess 
knowledge and experience in mechanical 
engineering fields. Knowledge of tools, cut- 
ting fluids, fixture design techniques, ma- 
chinability data, and process engineering 
are all of considerable importance. The part 
programmer must be familiar with the func- 





tion of NC machine tools and machining 
processes and must decide on the optimum 
sequence of operations. The part program 
can be written manually, or a computer- 
assisted language, such as the automatically 
programmed tool language, can be used. 

In NC machines, the part dimensions are 
presented in part programs by integers. In 
CNC machines, the dimensions in part pro- 
grams are sometimes expressed as numbers 
with a decimal point, but are always stored in 
the computer as integers. Each unit of these 
integers corresponds to the position resolu- 
tion of the axes of motion and is referred to as 
the basic length unit (BLU). The BLU is also 
known as the increment size or bit weight, 
and in practice it corresponds approximately 
to the accuracy of the NC system. 

In NC and CNC machine tools, each axis 
of motion is equipped with a separate driv- 
ing device, which replaces the handwheel of 
the conventional machine. The driving de- 
vice may be a dc motor, a hydraulic actua- 
tor, or a stepping motor. The type selected 
is determined by the power requirements 
and the machine. 

An axis of motion in numerical control 
means an axis in which the cutting tool 
moves relative to the workpiece. This 
movement is achieved by the motion of the 
machine tool slides. The main three axes of 
motion are referred to as the X-, Y-, and 
Z-axes. The Z-axis is perpendicular to both 
X and Y in order to create a right-hand 
coordinate system. For example, in a verti- 
cal drilling machine (as one faces the 
machine), a +X command moves the work- 
table from left to right, a +Y command 
moves it from front to back, and a +Z 
command moves the drill up, away from the 
workpiece. The X-, Y-, and Z-axes are 
always assigned to create a right-hand car- 
tesian coordinate system. 

Each axis of motion also has a separate 
control loop. The control loops of NC or 
CNC systems use two types of feedback 
devices (Fig. 1): tachometers to monitor 
velocity and encoders or other position 
transducers (for example, resolvers) to 
measure position. The controller compares 
the actual position with the required one 
and generates an error. The control loop is 
designed in such a way as to reduce the 
error, that is, the loop is a negative-feed- 
back type. A common requirement of con- 
tinuous-path NC and CNC systems is the 
generation of coordinated movement of the 
separately driven axes in order to achieve 
the desired path of the tool. This coordina- 
tion is accomplished by interpolators. Nu- 
merical control systems contain hardware 
interpolators, but in CNC systems interpo- 
lators are implemented by software. 





Advantages of NC Systems 


It has been clearly shown that NC manu- 
facturing reduces the number of direct em- 











ployees because fewer multipurpose NC 
machines are required and, in some cases, 
one operator can operate more than one 
machine. However, the ratio of indirect to 
direct employees might increase, and in 
turn, overall employment in the industry 
might rise despite increased automation and 
mechanization (Ref 6). Output would of 
course also increase. 

Realistically, then, the advantage is not in 
lowering labor costs but in increasing the 
output per man-hour. Handling costs with 
NC technology have decreased—in some 
cases remarkably. Setup times have been 
substantially reduced, and actual produc- 
tive time has been substantially increased. 
A furthur savings of time is achieved while 
passing from one operation to another dur- 
ing the machining of the workpiece. With a 
conventional machine tool, the work must 
be stopped at such points because the oper- 
ator must go to the next step. The operator 
must stop the cutting process frequently 
and measure the part dimensions to ensure 
that the material is not overcut. It has been 
proved that the time wasted on measure- 
ments is frequently 70 to 80% of the total 
working time (Ref 1). The rate of production 
is also decreased because of operator fa- 
tigue. In NC systems, these problems do 
not exist. Because the accuracy is repeat- 
able with numerical control, inspection time 
is also reduced. 

Numerical control produces higher-qual- 
ity parts and makes possible the accurate 
manufacture of more complex designs with- 
out the usual loss in accuracy encountered 
in conventional manufacturing. Producing a 
part that must be cut with an accuracy of 
0.01 mm (0.0004 in.) or better may take a 
considerable amount of time using conven- 
tional methods. In numerical control using 
single-axis motion, obtaining such accura- 
cies is the state-of-the-art, and they are 
maintained throughout the entire range of 
cutting speeds and feed rates. 

Another intangible advantage of numeri- 
cal control is the production of complex 
parts that are not feasible in conventional 
manufacturing. Complex-contour cutting in 
three dimensions cannot be performed by 
manual operation. Even when it is possible, 
the operator must manipulate the two hand- 
wheels of the table simultaneously while 
maintaining the required accuracy; thus, it 
becomes possible only when the part is 
simple and requires relatively low accura- 
cies. It is obvious that in such work the NC 
machines save a considerable amount of 
time. 

Compared to conventional machining 
methods, the NC machine tool has the 
following advantages: 





* Complete flexibility; a part program is 
needed only for producing a new part 

* Accuracy is maintained through the full 
range of speeds and feeds 


* The possibility of manufacturing a part of 
complicated contour 

* A shorter production time 

* Higher productivity achieved by saving 
indirect time, such as setting up and 
adjusting the machine and using one op- 
erator to monitor several machining op- 
erations, or by using completely automat- 
ic operation in unmanned production 


Programming 


Most NC and CNC machine tools use 
off-line programming methods, which can 
be either manual or computer assisted, such 
as programming with the aid of the automat- 
ically programmed tool (APT) language. 
During off-line programming, the machine 
remains in operation while a new part pro- 
gram is being written. Typically, when a 
part program is ready, it is stored on a 
punched tape or a floppy disk. The tape or 
disk is taken to the machine shop and 
loaded into the machine tool controller, and 
the part is subsequently produced. 

Manual part programs are written by pro- 
grammers. First, the programmers must de- 
termine the machining parameters and thc 
optimum sequence of operations to be per- 
formed. Based on this sequence, they cal- 
culate the tool path and write a manuscript. 
Each line of the manuscript, which is re- 
ferred to as a block, contains the required 
data for transferring the cutting tool from 
one point to the next, including all machin- 
ing instructions that should be executed 
either at the point or along the path between 
the points. 

The EIA standard RS-273-A ("Inter- 
changeable Perforated Tape Variable Block 
Format for Positioning and Straight Cut 
Numerical Controlled Machines”’) provides 
a line format for point-to point (PTP) and 
straight-cut NC machines. A typical line 
according to this standard is as follows: 


N102 G01 X-52000 Y9100 F315 S717 
T65432 M03 (EB) 


The letter and the number that follows it are 
referred to as a word. For example, X-52000 
and M03 are words. The first letter of the 
word is the word address. Word addresses 
are denoted as follows: N, sequential num- 
ber, G, preparatory function; X and Y, 
dimensional words; F, feed rate code 
spindle speed code; T, tool code; M, mi 
cellaneous function; and EB, end-of-block 
character. The EB character is not printed 
but only punched or coded, and it is usually 
the carriage-return code, thus permitting a 
new line to begin immediately afterward. 
The EB character indicates to the NC con- 
troller that the current reading is completed 
and that the axes of motion must start up. 
When this motion is accomplished, the next 
block is read. 

According to EIA standards RS-273-A 
and RS-274-D (“Interchangeable Variable 
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Block Data Contouring Format for Position- 
ing and Contouring Positioning for Numer- 
ically Controlled Machines"), two block 
formats are available: the word address 
format and the tab sequential format. In the. 
word address format, each word must be 
headed by the word address. The controller 
uses the address letter to identify the word 
that follows it. In this type of format, words 
need not be arranged in any specific order 
within the block because the letter identifies 
the corresponding word. However, because 
the standards prescribe a definite sequenc- 
ing of words, the format recommended 
above is used for PTP programming. 

In the tab sequential format, a tab char- 
acter is inserted between each two words in 
the block, and the address letter is omitted. 
In this format, words must be arranged in a 
specific order. When a word is not needed 
in a particular block, it can be omitted, but 
the corresponding tab character must be 
punched. 

Manual part programming can be applied 
to PTP systems, but it is too complex for 
contouring systems. Therefore, a great 
number of computer software systems have 
been developed to assist in NC part pro- 
gramming. The APT system is the most 
widespread and the most comprehensive 
one. It is available on many computers and 
is widely used by many manufacturers of 
NC equipment. 

The first prototype of the APT software 
system was developed in 1956 by the Elec- 
tronic System Laboratory of MIT. The pro- 
gram was further developed by the cooper- 
ative efforts of 21 industrial companies 
sponsored by the Aerospace Industries As- 
sociation with assistance from MIT. As a 
result of these efforts, a system called APT 
II was produced in 1958, and a more effec- 
tive system, the APT III, was distributed in 
1961. The Illinois Institute of Technology 
Research Institute was elected to direct the 
future expansion of the program, and the 
capabilities of APT are continually being 
expanded. The current APT language has a 
vocabulary of more than 600 words. 

The APT program is a series of instruc- 
tions that specifies the path the tool must 
follow to produce a part. To communicate 
the tool path to the computer, one must 
provide the computer with geometric de- 
scriptions of the part surfaces. The APT 
language enables the programmer to accom- 
plish this and then to specify the manner in 
which the tool should move along these 
surfaces. The geometric expressions de- 
scribing the part and the motion statements 
represent about 70% of the average pro- 
gram. 

A geometric expression defines a geomet- 
ric shape or form. For each geometric form, 
there are many different methods of defini- 
tion. Definitions of at least 16 different 
geometric forms are contained in APT: the 
most useful ones are POINT, LINE, 
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PLANE, CIRCLE, CYLINDER, ELLIPS, 
HYPERB, CONE, and SPHERE. Several 
examples of definitions are presented below. 

Most APT statements are divided into 
two sections, major and minor, which are 
separated by a slash. The major section 
appears to the left of the slash and is gener- 
ally one word containing one to six letters. 
The minor section, if required, appears to 
the right of the slash and contains modifiers 
to the major portion. For example, a point 
can be defined by: 


POINT/X-coordinate, Y-coordinate, Z-coordinate 


An example of a corresponding geometric 
statement is: 


PT2 = РОІМТ/З,4 


where PT2 is the symbolic designation of a 
point whose X-coordinate is 3 and whose 
Y-coordinate is 4. 

A line can be defined by a point and a 
tangent circle (Fig. 3): 


LINE/symbol for a point, Ет, TANTO, 
symbol for a circle 


The modifiers LEFT or RIGHT are applied 
looking from the point toward the circle. 
Examples are: 


LI = LINE/PI, LEFT, TANTO, CIRI 
L2 = LINE/PI, RIGHT, TANTO, CIRI 


Once the required part has been defined 
with the geometric expressions, tool move- 
ments are specified using the motion state- 
ments. Each motion statement will move 
the tool either to a new location or along a 
surface specified by the statement. Exam- 
ples of motion statements are: 


GOTO/HOLE2 
GOLFT/LI. PAST, L2 


It should be noted that LI, L2, and 
HOLE?2 are identifying names. Identifying 
names are given to geometric expressions 
and cannot be APT words. In addition to 
the geometric and motion statements, there 
are other kinds of statements and features. 
One of the most useful statements is the 
CLPRNT. The CLPRNT is an instruction 
to the APT system to produce a printed list 
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of all the cutter location coordinates that 
have been computed. The computation re- 
sults are those of the APT program before 
postprocessing. 

The output of the APT program is sent as 
input to another program called the postpro- 
cessor. The latter is a program written spe- 
cifically for each CNC machine tool system, 
and it includes information about the partic- 
ular machine (size, accelerations, coolant, 
and so on). The output of the postprocessor 
is the NC part program that is loaded onto 
the machine controller to produce the re- 
quired part. 


Numerical Control 


Numerically controlled machine tool sys- 
tems are in some ways related to industrial 
robot systems. In both, the axes of a mechan- 
ical device are controlled to guide a tool that 
performs a manufacturing process task (Fig. 
4). In both systems, each axis of motion is 
equipped with a separate control loop and a 
separate driving device. The difference is in 
the process and the mechanical device. The 
process in numerical control may be drilling, 
milling, grinding, or welding, and in robotics, 
painting, welding, assembly, or handling. In 
numerical control, the mechanical handling 
device is the machine tool, and in robotics, 
the manipulator, Machine tools, however, are 
more rigid and usually have perpendicular 
axes of motion, which result in simpler con- 
trol strategies and better position accuracy 
than those of robot arms. 

A common feature in numerical control and 
robotics is that the required path of the tool is 
generated by the combined motion of the 
individual axes. In numerical control, the tool 
is the cutting tool, such as a milling cutter or 
a drill; in robotics, the tool is the instrument at 
the far end of the manipulator, which might 
be a gripper, a welding gun, or a paint- 
spraying gun. Robot systems, however. are 
more complex than machine tool CNC sys- 
tems for the reason discussed below. 

Machine tools require control of the po- 
sition of the tool cutting edge in space. In 
many cases, the control of three axes is 
adequate. Robots require the control of 
both the position of the tool center point 
and the orientation of the tool; this is 
achieved by controlling six axes of motion 
(or degrees of freedom). 

Some robot systems use more than six 
axes, and some CNC machines use more 





than three axes of motion. A typical exam- 
ple is the addition of a rotary table to a 
three-axis milling machine. On the other 
hand, many robot systems use fewer than 
six axes, and in such cases the wrist section 
contains fewer than three degrees of free- 
dom (Ref 7). Similarly, there are CNC ma- 
chines with only two numerically controlled 
axes of motion. For example, only two 
numerically controlled axes are required for 
turning parts on a lathe because the parts 
are symmetrical. 


System Structure 


Computer numerical control systems can 
be divided into PTP and continuous-path or 
contouring systems (Ref 1-6). A typical PTP 
system is encountered in a CNC drilling 
machine, In a drilling operation, the ma- 
chine table moves until the point to be 
drilled is exactly under the tool, and then 
the hole is drilled, The table then moves to 

new point, and another hole is drilled. 
his process is repeated until all the re- 
quired holes on the part are drilled. The 
machine table is then brought to the starting 
point, and the system is ready for the next 
part. 

In more general terms, the PTP operation 
is described as follows. The machine tool 
moves to a numerically defined position, 
and then the motion is stopped. The tool 
performs the required task with the machine 
table stationary. Upon completion of the 
task, the machine tool moves to the next 
point, and the cycle is repeated. 

Ina PTP system, the path and the veloc- 
ity while traveling from one point to the 
gnificant. Therefore, as shown 
in Fig. 5, a basic PTP system would require 
only position counters for controlling the 
final position of the machine table in order 
to bring it to the target point (Ref 8). The 
coordinate values for each desired position 
are loaded into the counters with a resolu- 
tion that depends on the basic length unit of 
the system. During the motion of the table, 
the encoder at each axis transmits pulses, 
each representing the tool travel of 1 BLU 
along the axis. Each axis of motion is 
equipped with a counter to which the cor- 
responding encoder pulses are transmitted. 
At the beginning of a motion from a point, 
each axial counter is loaded by the corre- 
sponding required axial incremental dis- 
tance (in BLUs) to the next point. During 
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the motion of the table, the contents of each 
counter are gradually decremented by the 
pulses arriving from the corresponding en- 
coder, When all counters are at zero, the 
machine table is in its new desired position. 

In continuous-path CNC machines, the 
tool performs the task while the axes of 
motion are moving, as in milling machines. 
The task of the controller in milling is to guide 
the tool along the programmed path. In con- 
tinuous-path systems, all axes of motion may 
move simultaneously, each at a different ve- 
locity. These velocities, however, are coordi- 
nated under computer control in order to 
trace the required path or trajectory. In a 
continuous-path operation, the position of the 
tool at the end of each segment (motion step), 
together with the ratio of axes velocities, 
determines the generated contour, and at the 
same time the resultant velocity also affects 
the quality of the surface. 

Continuous-path systems require interpo- 
lators for determining the path between 
given end points (Fig. 6). Part programs 
supply only the end points of the segments 
along the contour, and the system computer 
interpolates the path between the points and 
generates in real time the commands to the 
individual axes of motion. Typically, NC 
and CNC machines are capable of linear 
and circular interpolation. 

The principle of operation for linear inter- 
polators of machine tools is relatively sim- 
ple (Ref 9). The axes of motion in machine 
tools are perpendicular to each other, thus 
creating a cartesian coordinate system. A 
motion along a straight path with a length L 
employs the following relationships: 


Vv, = (0° 





{Eq 1) 


(Eq 2) 


(Ед 3) 





where 


L=rtyt2 
y 


The distances x, y, and z are the compo- 
nents of L in the X, Y, and Z directions, 
respectively, and V is the required velocity 
along the path (referred to as feed rate in 
machining). Equations 1 to 3 provide the 
basis of linear interpolator algorithms for 
machine tools. Circular interpolator algo- 
rithms are more complicated and can be 
found in the literature (Ref 10-12). 

Acceleration and deceleration аге 
achieved by varying V in Eq 1 to 3 accord- 
ing to a predetermined formula. Machining 
feed rates (the tangential velocity of the tool 
along the contour) in machine tools are 
small; and therefore, paths that include ac- 
celeration and deceleration periods are not 
often encountered. 


Adaptive Systems 


Computer numerical control machines 
in production are programmable systems 
that can repeat a sequence of programmed 
operations as long as necessary. However, 
these systems are unable to sense and 
respond to any changes in their working 
environments. For example, assume that a 
CNC lathe is used to turn a batch of 
cylindrical workpieces to a 200 mm (i ) 
radius from raw material having radii from 
204 to 207 mm (8.04 to 8.16 in.). The 
machining feed rate in the part program is 
calculated as the maximum allowable feed 
rate needed to remove a maximum load of 
4 mm (0.16 in.) without cutter breakage, 
although with the smaller load the feed 
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rate can be increased without risking the 
cutter. This and similar situations can be 
remedied only if the systems are able to 
adapt to the changing conditions in their 
environments; such changes would be 
sensed with suitable sensors. This is basi- 
cally the motivation for introducing adap- 
tive control systems in machining. The 
objectives of these adaptive controls are to 
increase productivity in rough machining 
and to improve part accuracy in fine cut- 
ting (Ref 13). The article that immediately 
follows in this Section provides a more 
thorough discussion of adaptive control 
for machine tools. 
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Adaptive Control 


Yoram Koren and A. Galip Ulsoy, University of Michigan 


ADAPTIVE CONTROL (AC) systems 
for metal cutting processes are a logical 
extension of computer numerical control 
(CNC), which was described in the preced- 
ing article in this Volume. The term adap- 
tive control in metal cutting is in fact a 
misnomer because these are actually pro- 
cess control systems and may or may not be 
adaptive in the sense commonly used in the 
control theory literature (Ref 1, 2). In this 
article, AC systems for metal cutting arc 
described first, and then classified accord- 
ing to the AC strategies used. Finally, the 
economic benefits of AC systems are enu- 
merated, 

In CNC systems, the relative position 
between the tool and the workpiece is 
controlled; however, the part programmer 
must specify the cutting speed and feed 
rates. The determination of these cutting 
parameters requires experience and 
knowledge regarding workpiece and tool 
materials, machine characteristics, cool- 
ant effects, and so on. Their selection 
directly affects such important economic 
factors as product dimensional accuracy, 
surface finish, metal removal rates, tool 
wear rates, and tool breakage. The main 
focus of adaptive control is the improve- 
ment of these production and product 
quality related factors in the actual ma- 











in Fig. 1. It is clear that the adaptive 
control represents a process control sys- 
tem that operates in addition to the CNC 
position, or servo, control system. In this 
discussion, the different types of AC sys- 
tems that have been proposed are consid- 


chining process. This is accomplished us- 
ing the measurement and control of certain 
process variables in real time as well as 
several alternative strategies for the AC 
algorithm. A schematic of a typical AC 
configuration for a machine tool is shown 
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Fig. 1 Schematic of on adoptive control system 
9. ! incorporated into a CNC machine tool sys- 
tem. Source: Ref 3 





machining of mild steel with a 0.05 mm (0.002 in.) tolerance and a cut 0.75 mm (0.003 in.) deep and 25 mm (1 in.) 
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ered first and then the cconomic benefits 
of AC systems. 

Adaptive control systems use a variety of 
sensors and control strategies. Depending 
on these factors, as well as the particular 
process being controlled, the AC systems 
can conveniently be classified as (Ref 3, 4): 


© Adaptive control with optimization 
(ACO), in which an economic index of 
performance is used to optimize the cut- 
ting process using on-line measurements 
Adaptive control with constraints (ACC), 
in which the process is controlled using 
on-line measurements to maintain a par- 
ticular process constraint (for example, a 
desired force or power level) 

Geometric adaptive control (GAC), in 
which the process is controlled using on- 
line measurements to maintain desired 
product geometry (for example, dimen- 
sional accuracy or surface roughness) 


These three types of AC systems are dis- 
cussed in some detail in the sections that 
follow. It is worth mentioning here that the 
ACO system is the most general. However, 
because it is difficult to implement an ACO. 
system, the suboptimal ACC and GAC 
strategies are often used. These can typical- 
ly provide much of the benefit to be expect- 
ed from ACO systems and are easier to 
implement. The ACC-type systems are well 
suited for rough cutting, and the GAC-type 
systems are typically used in finishing oper- 
ations. 

‘The economic benefits of AC systems can 
be significant, particularly under varying 
cutting conditions (Ref 5). However, the 
main objective is improvement in produc- 
tivity, for example, by increasing the metal 
removal rate (MRR). This is illustrated in 
Fig. 2 for a milling operation with a variable 
depth and/or width of cut. With adaptive 
control, the feed rate can be increased when 
the depth and/or width of cut is small. and 
reduced if either becomes larger. By con- 
trast, in conventional milling. the smallest 
feed rate would be selected based on the 
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Fig. 4 schematic of the Bendix ACO system for 


Worst-case conditions for that particular 
part. 

Some typical results demonstrating the 
economic benefits of adaptive control are 
given in Fig. 3. These compare machining 
costs in adaptive and conventional (non- 
adaptive) machining and show that im- 
provements in productivity of 20% to 80% 
can be expected with the use of AC sys- 
tems. The actual improvement depends on 
the material being machined and the com- 
plexity of the part being produced. Im- 
provements or consistency in product qual- 
ity can also be an objective of AC systems 
(usually GAC systems). Another benefit is 
the reduced part programming time because 
feeds and speeds are adjusted on-line. The 
economic impact of adaptive control also 
depends on the percentage of total produc- 
lion time allocated to actual cutting, and 
currently this is often only 5 to 20%. As 
automation reduces the percentage of pro- 
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duction time required for part setup and tool 
changing, the percentage of time the ma- 
chine spends in actual cutting increases, 
and the advantages of adaptive control be- 
come even more significant. 


Adaptive Control 
With Optimization 


This section describes two systems, a 
milling and a grinding system, based on an 
ACO strategy. While ACO systems repre- 
sent the most general class of AC systems, 
they have not found application in industry. 
The two systems described here indicate 
the ACO strategy and also help to illustrate 
the limitations that have prevented their use 
in industry. The first system described is a 
laboratory system developed in the mid- 
1960s for milling and used industrially in a 
few installations. The ACO system de- 
scribed for grinding is a more recent devel- 
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Fig. 5 schematic of an ACO system for grinding. Source: Ref 7 
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9. Ө 324A46K8VBE; workpiece, SAE 4340 steel, 240 HB; wheel diameter, 440 
mm (17.3 in.); workpiece diameter, 165 mm (6.50 in.); grinding width, 32 mm (1.26 
in.); material removed from workpiece radius per cycle, 0.3 mm (0.012 in.); 
single-point dressing only before cycle 1 with a dressing depth of 10 jum (400 piin.), and 
a dressing lead of 5 шт (200 pin), Source: Ref 7 
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ical significance and because it illustrates 





opment that has found off-line application in 
industry. However, its on-line implementa- 
tion has so far been limited to the laborato- 
ry. 
ACO System for Milling. Thc best- 
known ACO system is probably the system 


developed by The Bendix Corporation for 
the U.S. Air Force in the сапу 1960s (Ref 5, 
6). The structure of this ACO system for 
milling is illustrated in Fig. 4. This system 
will not be described in detail here, but 
requires some mention because of its histor- 





many aspects of ACO systems. It uses 
several measurements of process variables 
(cutting torque, tool temperature, and ma- 
chine vibration) and an economic index of 
performance for on-line adjustment of the 
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Two views of the deflection of an end mill during machining showing the 
various components of force, F; moment, M; and deflection, 8. (a) Front 


Fig. 10 


view, (b) Side view. Source: Ref 12 


cutting feed and speed. The performance 
index (J) can be expressed as: 


ДАМ = MRR 
[C, FC yt, + XTWRYW,| 

where MRR = waV is the metal removal 
rate (in."/min). w is the milling width (in.), a 
is the depth-of-cut (in.), V is the milling feed 
rate (in./min), TWR = K(MRR) + К.Ө + 
Куа) is the tool wear rate (in./min), Ө is 
the tool temperature (°F), T is the cutting 
torque {lbf ft), Wy is the allowable width of 
flank wear (in.), fis the feed (in./rev), N is 
the spindle speed (rev/min), C, is the cost of 
machine and operator per unit time ($/min), 
С, is the cost of tool and regrind per tool 
change (S/change). and z; is the tool chang- 
ing time (min). 

The constants K,, K>. and К, depend on 
tool and workpiece materials, and B is an 
adjustable parameter in the range of 0 = B = 


(Eq 1) 
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1 that determines the type of performance 
index, J. When f = 1, the J represents the 
reciprocal of the cost per unit produced: 
when B = 0. the J represents the production 
rate; and for intermediate values of B, the J 
weighted combination of these 
ives, which can be adjusted to 
represent the profit (that is, maximum pro- 
duction with minimum cost). 

The objective of the ACO system, then, is 
to maximize this economic index of perfor- 
mance, J, subject to constraints on maxi- 
mum spindle speed, minimum spindle 
speed, maximum torque, maximum feed, 
maximum temperature, and maximum vi- 
bration amplitude. This constrained optimi- 
zation problem is solved on-line using gra- 
dient methods, with increments in feed of 
0.003 mm/rev (0.0001 in./rev) and incre- 
ments in spindle speed of 10 rev/min. Al- 
though this ACO system was successfully 





A geometric adaptive control system for turning cylindrical parts. Source: 


demonstrated in the laboratory, it was not 
widely accepted by industry. The main 
problem was the need for a tool wear sensor 
(for tool wear rate, or TWR, in Eq 1) that 
can operate in an industrial environment. 
The calculation of the tool wear rate from 
the temperature and torque measurements 
as used in the Bendix system was not satis- 
factory for the entire range of feeds and 
speeds, and reliable temperature measure- 
ments were difficult to obtain in a produc- 
tion environment. Accurate on-line tool 
wear estimation remains an important topic 
of current research, as discussed in the 
section "Trends in AC Systems" in this 
article. 

ACO System for Grinding. A successful 
ACO system for grinding is based on the 
measurement of the power at thc grinding 
wheel, as illustrated in Fig. 5. This mea- 
sured power. P, is compared to the maxi- 
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geometric adaptive control. Source: Ref 14 


mum allowable power for burning, Pp. and 
the power error generated, e. is used to 
adjust the workpiece spindle speed, nw, and 
the radial infeed velocity, vj. The adjust- 


ment strategy uses a function G, to calcu- 
late the allowable power for burning and the 
optimal locus algorithm, based on a modcl 
of the grinding process mechanics, 10 max- 


imize v, and calculate the corresponding 
value of ny such that P = P,. Thus, the 
system is designed to operate at (or near) 
the power constraint for burning. The sam- 
pling period is denoted by T, and is 0.5 s. A 
surface roughness constraint can also be 
included. Experimental evaluation of the 
system was performed in the laboratory, 
and excellent results were obtained, as shown 
in Fig. 6. These results illustrate the success- 
ful operation of the system at the specified 
power level through ten cycles, despite the 
progression of grinding wheel wear: this was 
achieved by increasing the radial infeed ve- 
locity. vy. This optimal locus approach may 
also be applicable to the development of ACO 
systems for metal removal operations other 
than grinding, and as such is a topic of current 
research (Ref 8). 








Adaptive Control 
With Constraints 


In general. commercial AC systems used in 
production today for rough milling and turn- 
ing are of the ACC type. This is because ACO 
systems are rather complex and will require 
further research before they can be fully im- 
plemented. The ACC systems can provide 
much of the benefit of ACO systems and are 
relatively easy to implement. In this section, a 
general discussion of ACC systems is fol- 
lowed by a description of a particular ACC 
system for a turning operation. 

Fundamentals of ACC Systems. Typi- 
cally, ACC systems are based on the mea- 
surement of a single process variable, such 
as force, torque. or motor current, and try 
to maintain that variable at some predeter- 
mined reference value. If this reference 
value is determined to ensure a relatively 
high production rate without excessive 
wear rates or breakage, it provides good, 
although suboptimal, performance. Most 
ACC systems attempt to maximize the met- 
al removal rate, MRR, by maximizing one 
of the machining variables, for example, 
operating at a maximum feed rate compati- 
ble with maintaining a constant load on the 
cutter, as was illustrated in Fig. 2 for a slab 
milling operation. In this case the average 
feed rate with the ACC system is larger than 
the programmed feed rate, particularly 
when there are significant variations in the 
depth and/or width of cut in the particular 
milling operation. The most commonly used 
constraints in ACC systems are the cutting 
force, cutting torque, and the machining 
power. The machining variables commonly 
manipulated to meet these constraints are 
the feed rate (V) and the spindle speed (N). 
The machining feed is defined by the ratio: 


v 

(PN) 
where p = | in turning and drilling and is the 
number of teeth on the cutter in milling. The 
































(Eq 2) 
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model parameters. Source: Ref 19 


cannot be obtained. Thus, the process pa- 
rameter variations require the use of tech- 
niques from adaptive control theory (Ref 1). 
In other words, the controller gains must be 
adapted on-line to the changing process 
parameters. Such variable-gain ACC sys 
tems have been developed and are de- 
scribed in the section "Trends in AC Sys- 
tems" in this article. 





Geometric Adaptive Control 


Geometric adaptive control (GAC) sys- 
tems combine inspection of the finished 
product with on-line adjustment of feeds 
and speeds. In this section, some basic 
characteristics of GAC systems are de- 
scribed and then a particular GAC system 
for the turning of cylindrical parts is pre- 
sented. 

Fundamentals of GAC Systems. Anoth- 
er AC strategy is to base the selection of 
feed rates and speeds on the dimensional 
accuracy or surface roughness of the part 
being machined. Such an approach puts the 
emphasis on product quality rather than 
metal removal rate. Thus, such AC systems. 
are most suited for finishing operations. 
These GAC systems require a direct or 
indirect measurement of the product simul- 
taneously as it is being machined or possi- 
bly after it has been machined. For exam- 
ple, as illustrated in Fig. 10, indirect 
measurement can be obtained by means of 
the sensing of spindle deflections in a mill- 
ing operation (Ref 12, 13). Direct measure- 
ments typically require laser gaging systems 
or other optical methods (Ref 14), and are 
usually performed immediately after ma- 
chining. 

GAC System for Turning. An example of 
a GAC system is illustrated in Fig. 11. This 
system, developed at the research laborato- 
ries of a major automobile manufacturer, 


























measures the dimensional accuracy and sur- 
face roughness of the part after machining 
to manipulate the feed rate in a turning 
operation. Near real time measurement and 
control are used in the turning of cylindrical 
parts. For a given cutting speed, the princi- 
pal factors affecting surface roughness are 
the feed and the tool wear. Surface finish 
and dimensional accuracy are measured for 
cach part at the completion of the cutting 
operation, and corrections then affect sub- 
sequent parts. The goal is to adjust the feed 
rate to reduce variability in the surface 
finish that arises because of tool wear. The 
results obtained from some laboratory ex- 
periments are shown in Fig. 12 to 14. Figure 
12 shows the feed being adjusted to main- 
tain the desired surface finish. Roughly 
speaking, there are four distinguishable re- 
gions: 








* Break-in region, where the initial feed is 
adjusted (pieces 1 to 10) 

ө Steady-state region, where the desired 
feed is maintained (pieces 11 to 32) 

@ Wear out region, where roughness in- 
creases because of wear (pieces 33 to 46) 

ө Failure region, where the tool must be 
replaced (pieces 47 to 53) 





A comparison of the diameter and surface 
finish histograms in Fig. 13 and 14 shows 
the significant improvement in dimensional 
accuracy and surface finish achieved with 
the GAC system. 


Trends in AC Systems 


In this section, current research issues 
and future trends in AC systems are briefly 
summarized. First, the tool wear and break- 
followed 
by a discussion of variable-gain AC sys- 
tems, which can adapt controller gains to 





changing process parameters. Finally, some 
brief comments are made regarding the role 
of AC systems in computer-integrated man- 
ufacturing (CIM). 

ACO Systems and Tool Wear/Breakage. 
As discussed in the previous sections, the 
most general AC strategy is adaptive con- 
trol with optimization. However, ACO sys- 
tems are typically very difficult to imple- 
ment, the major difficulty being the need for 
a practical on-line tool wear sensor. Current 
research on the use of force sensing togeth- 
er with model-based estimation techniques 
for on-line tool wear sensing appears prom- 
ising (Ref 15). These methods have already 
been shown to work successfully when 
flank wear, Wp, is dominant (sce Fig. 15) 
and have also been applied to flank wear 
estimation in turning with varying depths of 
cut and feed rates (see Fig. 16). Acoustic 
emissions from the metal cutting process 
have also been extensively investigated for 
tool wear and breakage detection, as well as 
for chip entanglement detection (Ref 18). 
Acoustic emission signals, together with 
frequency domain signal processing and 
pattern recognition techniques, will need 
further development before they can be 
used effectively for tool wear sensing in an 
industrial environment. 

Variable-Gain ACC Systems. Another 
area of recent research is related to vari- 
able-gain ACC systems (Ref 2). These are 
AC systems for metal cutting that are in fact 
adaptive in the sense commonly used in the 
control literature. In these process control- 
lers, the controller gains are varied to main- 
tain consistent closed-loop performance de- 
spite process parameter variations (Fig. 17). 
A process model is used to estimate on-line 
the changing process parameters, and the 
controller gain is then varied according to 
the adjustment policy. The turning system 
described previously in the section **Adap- 
tive Control With Constraints," which incor- 
porates a variable gain controller, has been 
shown to yield excellent results (Fig. 18). 
There has been considerable interest in de- 
signing variable-gain ACC systems for turn- 
ing (Ref 19. 20) and for milling (Ref 11, 21). 

Integration of Adaptive Control Into 
CAD/CAM/CIM Systems. An important is- 
sue in the future development of AC sys- 
tems is their complete integration into CNC 
systems, as well as their role in a CIM 
system hierarchy. Such issues are extreme- 
ly important for unmanned manufacturing 
and will require additional research to ex- 
tend our current understanding of AC sys- 
tems. Important issues include the interface 
between computer-aided design (CAD) and 
computer-aided manufacturing (CAM), and 
the application of expert systems and other 
methods, from artificial intelligence to AC 
systems, as well as process monitoring and 
diagnosi Detailed information on inter- 
facing adaptive control techniques with 
CAD/CAM systems is available in the arti- 
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Fig. 18 Avariable-gain ACC system for turning with estimation of the process gain, К, and adjustment of the 
g. controller gain, K., for step changes in the depth of cut, a, with increasing time. Also shown are the 
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cle "CAD/CAM Applications in Machin- 
ing" in this Volume. 


REFERENCES 


1. G.C. Goodwin and K. Sin, Adaptive 
Filtering, Prediction, and Control, 
Prentice-Hall, 1984 
A.G. Ulsoy, Y. Koren, and F. Rasmus- 
sen, Principal Developments in the Adap- 
tive Control of Machine Tools, J. Dyn. 
Syst., Meas., Cont. (Trans. ASME), Vol 
105 (No. 2), 1983, p 107-112 
3. Y. Koren, Computer Control of Manu- 
facturing Systems, McGraw-Hill, 1983 
4. R.S. Pressman and J.E. Williams, 
Numerical Control and Computer- 
Aided Manufacturing, John Wiley & 
Sons, 1977 
- J. Huber and R, Centner, "Test Results 
With an Adaptive Controlled Milling 
Machine," Paper MS68-638, American 
Society of Tool and Manufacturing En- 
gineers, 1968 
. К. Centner, Final Report on the Devel- 
opment of an Adaptive Control Tech- 
nique for a Numerically Controlled 
Milling Machine, ''Technical Documen- 
tary Report. ML-TDR-64-279," U.S. 
Air Force, Aug 1964 
. G. Amitay, S. Malkin, and Y. Koren, 
Adaptive Control Optimization of 
Grinding, J. Eng. Ind. (Trans. ASME), 
Vol 103 (No. 1), 1981, p 102-111 
‚ Y. Koren, The Optimal Locus Method 
for Control of Manufacturing Pro- 
cesses, J. Dyn. Syst., Meas., Cont. 
(Trans. ASME), 1988 
9. O. Masory and Y. Koren, Adaptive 
Control System for Turning, Ann. 
CIRP, Vol 29 (No. 1), 1980 
10. O. Masory and Y. Koren, Stability Anal- 
ysis of a Constant Force AC System for 
Turning, J. Eng. Ind. (Trans. ASME), 
Vol 107 (No. 4), 1985, p 295-300 
11. L.K. Lauderbaugh and А.С. Ulsoy, 
Model Reference Adaptive Force Con- 
trol in Milling, J. Eng. Ind. (Trans. 
ASME), 1988 
12. G. Stute, Adaptive Control, in Proceed- 
ings of the Machine Tool Task Force 
Conference, Vol 4, Sect 7.14, Wright 
Aeronautical Laboratories, U.S. Air 
Force, 1980 
13. T. Watanabe and S. Iwai, A Control 
System to Improve the Accuracy of 
Finished Surfaces in Milling, J. Dyn. 
Syst., Meas., Cont. (Trans. ASME), 
Vol 105, 1983, p 192-199 
14. C.L. Wu, R.K. Haboush, D.R. Lym- 
burner, and G.H. Smith, Closed Loop 
Machining Control for Cylindrical 
Turning, Modeling, Sensing and Con- 
trol of Manufacturing Systems, Ameri- 
can Society of Mechanical Engineers, 
Nov 1986, p 189-204 
15. Y. Koren, Flank Wear Model of Cut- 
ting Tools Using Control Theory, J. 


„ 





^ 


a 


м 


2 


626 | Machine Controls and Computer Applications in Machining 


Eng. Ind. (Trans. ASME), Vol 100 (No. 
1), Feb 1978 


. K. Danai and A.G. Ulsoy, An Adaptive 


Observer for On-Line Tool Wear Esti- 
mation in Turning, Part I, Theory; Part 
I, Results, Mech. Syst. Signal Proc., 
Vol 1 (No. 2), 1987, p 211-240 


. Y. Koren, A.G. Ulsoy, and T.R. Ko, 


Estimation of Tool Wear Under Vary- 
ing Cutting Conditions, in Proceedings 
of the I4th NSF Conference on Produc- 


tion Research and Technology, Nation- 
al Science Foundation, 1987, p 73-77 


. E. Kannatey-Asibu, Jr. and D. Dornfeld, 


Quantitative Relationships for Acoustic 
Emission From Orthogonal Metal Cut- 
ting, J. Eng. Ind. (Trans. ASME), Vol 103 
(No. 3), 1981, p 330-340 





. O. Masory and Y. Koren, Variable- 


Gain Adaptive Control Systems for Ma- 
chine Tools. J. Manuf. Syst., Vol 2 
(No. 2), 1983, p 165-174 


20. 


facturing Processes and Robotic Sys 


L.K. Daneshmend and Н.А. Pak, Mod- 
el Reference Adaptive Control of Feed 
Force in Turning, J. Dyn. Syst., Meas., 
Cont. (Trans. ASME), Vol 108 (No. 3), 
1986, p 215-222 


. M. Tomizuka, J. Oh, and D. Dornfeld, 


Model Reference Adaptive Control of 
the Milling Process, Control of Manu- 





tems, American Society of Mechanical 
Engineers, p 55-64, Nov 1983 


CAD/CAM Applications in Machining 


CAD/CAM is a term that refers to com- 
puter-aided design and computer-aided 
manufacturing, This technology is moving 
in the direction of greater integration of 
design and manufacturing, which have tra- 
ditionally been treated as distinct and sepa- 
rate functions in a production firm. When 
the machining function is included as part of 
à plantwide CAD/CAM system, many ben- 
efits accrue. For example, more accurate 
information is provided to and received 
from the machining operation, and the total 
cycle time from concept to finished ma- 
chined part is reduced. 

Computer-aided design (CAD) can be 
defined as the use of computer systems to 
assist in the creation, modification, analy- 
sis, or optimization of a design. The com- 
puter systems consist of the hardware and 
software used to perform the specialized 
design functions required by a particular 
customer. The CAD hardwarc typically 
includes the computer, one or more graph- 
ics display terminals, keyboards, and oth- 
er peripheral equipment. The CAD soft- 
ware consists of the computer programs 
necessary to implement computer graphics 
on the system and application programs to 
facilitate the engineering functions of the 
customer. 

Examples of these application programs 
include stress-strain analysis of compo- 
nents, dynamic response of mechanisms, 
heat-transfer calculations, and numerical 
control part programming. Many of these 
techniques, which were historically avail- 
able only to the component designer, 
are becoming available to personnel respon- 
sible for planning and performing machin- 
ing operations. This method replaces 
intuitive decision making with a more 
scientific approach leading to higher prod- 
uct quality and improved production 
rates. 

Computer-aided manufacturing (CAM) 
can be defined as the use of computer 
systems to plan, manage, and control the 
operations of a manufacturing plant through 
either direct or indirect computer interface 
with the production resources of the plant. 
As indicated by the definition, the applica- 
tions of CAM fall into two broad categories, 
computer monitoring and control and man- 
ufacturing support. 


Emory W. Zimmers, Jr., Lehigh University 


Computer process monitoring involves a 
direct computer interface with the manu- 
facturing process for the purpose of ob- 
serving the process and associated equip- 
ment, for example, collecting data from 
the machining process. The computer is 
not used to control the operation directly. 
The control of the process remains in the 
hands of machinists, who may be guided 
by the information compiled by the com- 
puter. 

Computer process control goes one step 
further than monitoring by not only observ- 
ing the process but also controlling it, based 
on the observations. With computer moni: 
toring, the flow of data between the machin- 
ing process and the computer is in one 
direction only, from the process to the 
computer. In process control, the computer 
interface allows a two-way flow of data. 
Signals are transmitted from the machining 
process to the computer, just as in the case 
of computer monitoring, but, in addition, 
the computer issues command signals di- 
rectly to the machining process, based on 
control algorithms contained in its software. 
An example of this is adaptive control ma- 
chining (see the article “Adaptive Control” 
in this Volume). 

In addition to the applications involving a 
direct computer process interface for the 
purpose of process monitoring and control, 
CAM also includes indirect applications in 
which the computer serves a support role in 
the manufacturing operations of the plant. 
In these applications, the computer is not 
directly linked to the manufacturing pro- 
cess. Instead, the computer is used off-line 
to provide plans, schedules, forecasts, in- 
structions, and information by which pro- 
duction resources can be managed more 
effectively. An example of CAM for manu- 
facturing support is numerical control (NC) 
part programming by computers in which 
control programs are prepared for automat- 
ed machine tools (see the article "Numer- 
ical Control" in this Volume). 

In the presentation to follow, elements 
of a CAD/CAM system relevant to ma- 
chining are presented. In addition, the 
hardware, interfaces, and benefits of inte- 
grating machining with the CAD/CAM s 
tem of the manufacturing plant are dis- 
cussed. 














Functions of a 
CAD/CAM System 


The basic functions that should be includ- 
ed when considering the relationship of 
CAD/CAM and machining are: 


* Design 

* Analysis 

* Drafting 

* Process planning 

* Part programming 
* Program verification 
* Part machining 

* Inspection 


When electronically linked, these provide 
the foundation for efficient machining oper- 
ations. Each of these functional areas will 
be examined to gain a better understanding 
of the activity involved in cach and thc 
interrelationships among the various activi- 
ties. 

Design. Starting from a rough sketch or 
possibly just an idea, the designer, manu- 
facturing engineer, and other qualified per- 
sonnel use the graphic display as if it were a 
drafting board to construct the geometry of 
а part, tool, or fixture design. Several parts 
and/or fixtures can be simultaneously dis- 
played so that the designer can ensure that 
they will fit together properly and that there 
will be no interference upon assembly. 

Computer-aided design systems are at 
their best when designing families of parts 
or machining fixtures (parametric design). 
A component can be designed so that the 
variable parameters are input data. The 
component can then be called up as a li- 
brary function, and the values of the re- 
quired parameters can be specified. In this 
way, the design of the entire family of parts, 
and ultimately the machining instruction 
set, can be completed in little more time 
than is required to produce the design for 
one part or fixture. 

Most CAD/CAM systems provide some 
form of layering. A layer is simply one way 
of describing a part or machining fixture. 
This can be a particular geometric view, for 
example, a rough cast shape or a finished 
shape, or a nonpictorial way of describing 
the part, such as a bill of material or Auto- 
maticaly Programmed Tools (APT) part 
program. Layering is used heavily through- 
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Fig. 1 


out the design process, in drafting, in plan- 
ning for machining. and in NC part pro- 
gramming. 

Analysis Capabilities. Although tradi- 
tionally thought of as being applicable only 
in the initial staj of the manufacturing 
cycle, analysis capabilities are being more 
fully utilized in support of the machining 
process 

Mass Properties. The analysis capability 
of a CAD/CAM system that has perhaps the 
widest application is that of mass proper- 
ties. This feature automatically gives the 
perimeter, area, center of gravity. and mo- 
ments of inertia of any cross section. The 
properties of the cross section when rotated 
about any to form a solid are also 
given, These include exposed surface area, 
volume, weight, center of gravity, and mo- 
ments of inertia. Applications range from 
moments of inertia (for nonsymmetric parts 
to be machined) to contour roll die design 
Many problems in machining relating to 
chatter or poor surface finish can be ana- 
lyzed and solved using these capabilities 

Stackups. The ability to display an as- 
sembly of various components is used to 
good advantage in axial stack-up calcula- 
lions. In this application, the engineer or 
machinist has all the components of interest 
displayed on the screen. In the time it would 
normally take to describe his requirements 
to a draftsman, he is able to identify the 
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A finite-element model mesh used for stress and thermal analysis of machined parts. Courtesy of L. 
Niggemann, Schlumberger Technologies, CAD/CAM Division 


areas for which he wants a nominal clear- 
ance and to obtain their values. 

Finite-Element Analysis. Many parts or 
sections of parts are subjected to severe 
heat transfer and stress conditions during 
the machining process, for example, in 
pocket milling or machining thin-wall sec- 
tions. Typically, few calculations are made 
because of the time or skill level involved 
One mathematical tool used to calculate the 
effects of these on a given part is finite- 
element model analysis. In this technique. 
the three-dimensional model is divided into 
a number of small cube- or wedge-shape 
elements, which are analyzed separately 
(Fig. 1). The total effect on the part is the 
sum total of all of the subdivisions. 

The finite-clement grid is generated auto- 
matically through software developed for 
finite elements. The user has the ability to 
change any portion of this grid pattern if so 
desired. The elements are numbered. and 
the precise coordinates of the nodal points 
are obtained automatically by the graphics 
system. This information is output from the 
system in a format that requires no human 
intervention before being input to a comput- 
er for analysis. Should the analysis indicate 
that the geometry requires modification, 
this is done rapidly at the cathode ray tube 
(CRT) terminal, and the entire process is 
repeated. With the availability of more local 
computing capability and with improve- 


ments in networking, use of these tech- 
niques has increased at the factory level. 
When this occurs, more precise calculations 
are substituted for intuition and trial and 
error approximations by the machinist, set- 
up person, or NC part programmer. 

Drafting. To perform this function, a 
draftsman accesses the data base and re- 
trieves the part design. A series of steps is 
followed: 





ө The detail work is performed 
e Lines and fillets are trimmed 
е Layout lines are removed 

ө Arcas are crosshatched 
е 

• 





Drill holes arc identified 

Dimensions are added (generally avail- 

able in English or metric units, or both) 

Tolerances are noted 

€ All necessary text is placed on the draw- 
ing 

Company standards for drawings can be 
easily enforced by programming the stan- 
dard into the system. Aids to the draftsman 
include transformations to assist in devel- 
oping oblique, isometric, and perspective 
views, and the capability to replicate details 
that appear at various places on the design. 
Information critical to the machining pro- 
cess is prepared at this stage 

Common applications include surface 
contour and styling drawings, layouts for 
preliminary design, exploded views, per- 
spective drawings. dimensioned drawings, 
isometric drawings, nondimensioned mas- 
ter drawings for production design, fixture 
layouts, interference problem 
sembly drawings. and subassembly draw- 
ings. 

Process Planning. The engincering draw- 
ing of the workpart must be interpreted in 
terms of the manufacturing processes to be 
used. This step. referred to as process plan- 
ning. is concerned with the preparation ofa 
route sheet. The route sheet is a listing of 
the sequence of operations that must be 
performed on the workpart, It is called a 
route shcet because it also lists the machine 
tools through which the part must be routed 
in order to accomplish the sequence of 
operations. 

The foundation of the most commonly 
used retrieval-type computer-aided process 
planning (CAPP) systems is parts classifi 
tion and coding and group technology. In 
this approach, the parts produced and their 
associated machining fixtures are grouped 
into families according to their manufac 
turing characteristics, For each part family. 
a standard process plan is established, The 
standard process plan is stored in computer 
files and retrieved for new workparts that 
belong to that family. Some form of parts 
classification and coding system is required 
to organize the computer files and to permit 
efficient retrieval of the appropriate process 
plan for a new workpart. Figure 2 illustrates 
the flow of information in a CAPP system. 
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Fig. 2 Information Ном in a retrievol-type computer-aided process planning system 


Fig. 3 


For some new parts, editing the existing 
process plan may be required. This is done 
when the manufacturing requirements of 
the new part are slightly different from the 





Graphics display of a tooling fixture and component part with the associated tool path clearly defined to 
generate the necessary CNC machine code output. Courtesy of L. Niggemann, Schlumberger Technol- 
ogies, CAD/CAM Division 


standard. The machine routing may be the 
same for the new part, but the specific 
operations required at each machine may bc 
different. The complete process plan must 


document the operations as well as the 
sequence of machines through which the 
part must be routed. Because of the alter- 
ations that are made in the retrieved process 
plan, a CAPP system such as this is some- 
times also called a variant system. 

It is important that accurate, updated 
machining information be included as part 
of the overall process. This requires feed- 
back and updating as the inevitable machin- 
ing improvements are made on the factory 
floor. In many CAD/CAM systems, this 
Occurs as electronic data transfer from a 
shop floor terminal. If this is not done, it is 
likely that the system will produce subopti- 
mal machine information on such things as 
feeds and speeds. 

Part Programming. In producing an NC 
part program, the accurate geometric defi- 
nition of the part that is present in the data 
base is used by the part programmer. This 
data base geometric definition eliminates 
the step of defining the part geometry from 
drawings, which is the first step in tradition- 
al (APT-like) NC programming. Auxiliary 
statements concerning cutting speed, feed 
rate, coolants, and tool changes must be 
entered. The definition of the cutter path is 
then normally specified interactively, rather 
than by the traditional APT process of men- 
tally envisioning the cutter path. The part 
program can often be done through a graph- 
ic presentation of the machining operation 
(if the CAD system is of the refresh type, 
this is often accomplished through anima- 
tion). Figure 3 shows such a graphic presen- 
tation. The resulting NC part program is 
usually in APT/CL (cutter location) file for- 
mat 

Typically, NC programming can be done 
for two, two and one-half, three, four, and 
five axis machining and for machines in- 
cluding milling machines, lathes, punch 
presses, drilling machines, and most of the 
other digitally controlled machining opera- 
tions. 

Program Verification. With many CAD/ 
CAM systems, verification using computer 
simulation software is available at varying 
levels of sophistication. The basic objective 
is to reveal what can be anticipated during 
the actual machining process, primarily by 
visual verification of the images created 
during the simulation. The image may ap- 
pear on a graphics display terminal, a plot- 
ter, or other hard copy device. Often the 
hard copy output can be included in the 
operator setup and operations sheets used 
by the machinist. The advantages include 
making the verification process more pro- 
ductive and predictable, providing an effi- 
cient mechanism for allowing NC data to be 
optimized, reducing scrap, reducing inspec- 
tion of first-run parts, and freeing produc- 
tion machines for production work. 

H should be noted that the level of accep- 
tance of the simulation model is dependent 
upon the accuracy and completeness with 














630 / Machine Controls and Computer Applications in Mach 








Figg. 4 Preliminary wire frame geometry of a connecting bracket shown in three different window orientations to 
9. 4 facilitate visualization and enhance the design process. Courtesy of L. Niggemann, Schlumberger 
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which it depicts the real world. The graphic 
representation may be a wire frame model, 
a solid model, or a shaded image. There 
may be the capability of displaying the raw 
stock from which the part is to be cut. The 
software may or may not be able to display 
the full geometry of cutting tools, as well as 
toolholders, and/or the clamps and fixtures 
for locating and holding the workpiece. De- 
sirable features for manipulating the image 
include the capability to orient the part for 
optimum viewing advantage, to display 
more than one view on the screen, and to 
modify a view by sectioning, reorienting, 
zooming, or other operations. Color can be 
effectively used to enhance comprehension, 
for example. by indicating rapid moves (in 
red), a gouge cut in a fixture, or the path cut 
by each tool (using different colors). Of 
great use is the ability to interrogate the 
model to identify the command in the tool 
path that caused a detected error. 

CAD/CAM and NC programming sys- 
tems usually offer wire frame models (Fig. 
4) for tool path simulation. There are usu- 
ally several options for tool path display 
These include the display of the centerlinc 
of the cutter (which may include the tool 
axis vector). the display of a two-dimen- 
sional representation of the cutter (a disk 
for mills and the insert. and perhaps a 
toolholder outline for lathes), a display of a 
three-dimensional representation of the cut- 
ter, and a display of textual information 
about the cut, for example, identification of 
point-to-point cycles (drill, bore, and so 
on). programmed feed rates, and cutting 
sequence number identification. 

The display of the tool path is usually 
fairly rapid; therefore, the ability to slow 














down the display, step through each cutter 
location position in individual steps. or 
zoom in on specific details may be required 
to discover whether the workpiece is being. 
cut correctly (or whether the fixture is in- 
advertently being cut incorrectly). Also, 
actions or cycles that are initiated by Ma- 
chine Control Data (MCD) codes, such as 
special machining cycles, touch probe or 
robotic functions. or repetitive program- 
ming codes for loops or macros that com- 
press the length of MCD to fit Machine 
Control Unit (MCU) memory, are usually 
not understood by the NC programming 
software. Therefore, the actions or move- 
ments resulting from those commands 
would not be available to the tool path 
simulation display. Any hidden errors could 
only be discovered during a tryout on the 
machine tool. In many cases, however, the 
NC program is uncomplicated enough to 
instill a high level of confidence by means of 
the wire frame simulation model alone. A 
machine tryout is still required on complex 
parts, however, to reduce the potential for 
catastrophic error. 

Part Machining. In the machining pro- 
cess itself, the CAD/CAM system provides 
information (often to the machine tool site) 
in the form of instructions for the operator 
and/or instructions to the machine tool. To 
fully utilize the CAD/CAM technology, this 
linkage should be electronic and timely. 
Information provided can include setup and 
operation instructions, along with detailed 
machining settings such as feed and speeds 
On advanced systems, some of this infor- 
mation is provided in a graphic format. 

When a direct interface to a numerically 
controlled machine tool is installed, an ad- 


ditional benefit is often derived. Informa- 
tion can be provided to the CAD/CAM 
system regarding operational status, which 
is valuable for optimizing overall plant per- 
formance. This type of information often 
includes uptime status of the machine tool 
and the causes of delay, such as a broken 
tool or a waiting interval for tooling. 

Inspection. The CAD/CAM system can 
facilitate the inspection of machined parts 
with complex shapes. The use of various 
cut planes allows the part to be measured by 
an inspector. after which the CAD/CAM 
system generates a view of the part. In 
some systems, provision is made for rapid 
electronic feedback to specific machining 
operations by means of the CAD/CAM sys- 
tem. When this is done, scrap is reduced 
and "drift" resulting from tool wear or 
other causes can be detected in time to take 
corrective action. 









Benefits of Using 
CAD/CAM for Machining 


Tool Design. The ability to obtain a view 
of a part from any desired angle (provided 
by CAD/CAM) is a great aid in designing 
tooling. For example, in the design of hold- 
ing fixtures for machining compound an- 
gles, information that takes days to calcu- 
late by traditional methods can be easily 
obtained by automatic measurement from 
the CAD/CAM system 

Analysis. The analysis routines available 
in a CAD/CAM system help to consolidate 
the analysis process into a more logical work 
pattern. Rather than having a back and forth 
exchange between manufacturing and analy- 
sis groups, a single person can perform the 
analysis while remaining at an engineering 
work station. Generally, the engineer can 
retain his train of thought more easily. There 
is a time savings to be derived from analysis 
routines, both in engineer time and in abso- 
lute time. This savings results both from the 
rapid performance of the analysis and from 
the time no longer lost when the design is 
routed by traditional means from the shop to 
the analyst and back again. 

Understandable Drawings. Interactive 
graphics are just as adept at creating and 
maintaining isometric and oblique drawings 
as they are at producing the simpler ortho- 
graphics. All drawings can be generated and 
updated with equal ease. Thus, an up-to- 
date version of any drawing type is always 
available. 

In general, understanding a drawing re- 
lates directly to the projection used. Ortho- 
graphic views are less comprehensible than 
isometrics. Both are less understandable 
than a perspective view. Most conventional 
construction drawings are linc drawings. 
The addition of shading increases compre- 
hension (Fig. 5). Different colors further 
enhance understanding. Thus, the machin- 
ist or machine tool setup person can refer- 























Fig. 5 
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ence an up-to-date part description in the 
format most useful for the machining task to 
be performed. 

Numerical Control Part Programming. 
One typical NC part programming language 
is Automatically Programmed Tools. de. 
scribed in the article "Numerical Control 
in this Volume. A powerful and versatile 
language, APT has three potential disadvan- 
tages. The first is that the user must learn a 
language with its own syntax and grammar. 
Unless he already has computer program- 
ming experience, he is exposed to some 
concepts that are entirely alien to him. A 
second disadvantage is that the part pro- 
grammer must interpret the engineering 
drawings (with the possibility of error) and 
define the geometry of the part for APT. 
The third disadvantage is that the program- 
mer must mentally visualize the tool path as 
he is programming. Experience has shown 
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Computer-generated shaded model of a connecting bracket. Courtesy of L. Niggeman, Schlumberger 


that these disadvantages either prevent ca- 
pable machine shop personnel from becom- 
ing part programmers or else make the 
learning time unacceptably long. On the 
other hand, CAD/CAM uses language easily 
understood by machine shop personnel 
This cases the problem of computer shock 
and eliminates the need to learn a complete- 
ly new language. Because the geometry of 
the part is defined in the CAD/CAM data 
base. there is no need to go through the 
process of extracting the part geometry 
from the drawings. The geometry is already 
given, precisely as the designer specified it. 
The graphic display and interactive nature 
of the system eliminate the need to envision 
the cutter path, because the user is provided 
with visual verification of every step in the 
process. 

These advantages have a significant im- 
pact on the time necessary to produce an 
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Fig. 6 General hardware configuration of a CAD/CAM system 


NC tape and to train an NC part program- 
mer. The experience that the General Elec- 
tric Company had with the design and man- 
ufacture of the T-700 engine indicated that 
NC tapes were produced in half the time 
taken by conventional APT programming 
and that the time required to train a meth- 
ods person to make NC tapes was reduced 
by a factor of six. Additional information on 
NC part programming can be found later in 
this article. 

Improved Accuracy. When CAD/CAM is 
used, there is a high level of dimensional 
control, far beyond the levels of accuracy 
attainable manually, Mathematical accura- 
cy is often to 14 significant decimal places. 
The accuracy delivered by interactive CAD/ 
CAM systems for machining three-dimen- 
sional curved-space designs is much greater 
than that offered by manual methods. 

Computer-based accuracy is beneficial in 
many ways. Parts are labeled by the same, 
recognizable nomenclature and number 
throughout all drawings. In some CAD/ 
CAM systems, a change entered on a single 
item can appear throughout the entire doc- 
umentation package. effecting the change 
on all drawings that use that part. 

Such accuracy also shows up in the form 
of fewer engineering change orders, more 
accurate material and cost estimates, and 
tighter procurement scheduling. These last 
two points arc especially important, for 
example, for long lead time material pur- 
chases. 


CAD/CAM Hardware 
Components 


As described below, the hardware for a 
CAD/CAM system includes a graphics ter- 
minal(s), digitizer (optional), alpha-numeric 
terminal, hard copy unit, output plotter(s), 
secondary storage device, machine control 
unit, and auxiliary hardware, all of which 
interface with the central processing unit. 
Figure 6 illustrates the general hardware 
setup for a CAD/CAM system. 

The Graphics Terminal. The most visible 
part of a CAD/CAM system from the point 
of view of the user is the graphics terminal. 
Virtually all state-of-the-art CAD/CAM sys- 
tems are provided with some form of CRT 
similar to those used in televisions, oscillo- 
scopes, and radars. In addition, CRTs are 
available in many sizes and configurations 
and with various capabilities. The majority 
of CAD/CAM systems provide either a 
"storage" CRT or a "refresh" CRT. 

Cursor Control. The cursor is generally a 
bright spot on the screen that indicates 
where lettering or drawing will be placed. 
There is normally a method by which the 
position of the cursor can be read by the 
computer. Therefore, controlling the cursor 
position enables one to enter locational in- 
formation into the computer. This informa- 
tion can be used in a geometric sense, such 
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as to define a point. A more sophisticated 
use interprets the cursor position as the 
selection of an item from a menu (the screen 
is divided into sections, one of which cor- 
responds to each menu section). 

There are three basic divisions in cursor 
control devices. The first type includes those 
that control the cursor without a direct phys- 
ical relationship to the screen (from the view- 
point of a user). For example, there are two 
thumbwheels used to control the cursor; onc 
controls the horizontal position of the cursor, 
and the other controls the vertical position. 
The thumbwheels are turned to change the 
position of the cursor. 

Another type of device is the light pen. 
The cursor follows the light pen, with the 
computer seeking the position of the light 
by trying to place the bright cursor under 
the pen. 

The third type of device is a digitizing 
tablet and pen. This type of tablet detects 
the position of the pen and moves the 
cursor to a corresponding position on the 
screen. 

Digitizers. A manual digitizer has a cur- 
sor that can be moved about a large, smooth 
table. It is oriented by means of a standard 
х-у coordinate system through which the 
computer can detect its location. The cursor 
generally has a cross hair target. 

Drafters find the digitizer not unlike their 
drafting boards. It tilts, rai and lowers. 
Some digitizers are available with backlight- 
ing for easy tracing or with free-floating 
cursors. Automatic raster scanners can be 
used to digitize continuous-tone photo- 
graphs and line drawings. Automatic line 
followers reduce a drawing to a series of 
lines rather than a stream of points. By 
recording only the information needed to 
reproduce the lin: the output is con- 
densed. However, a line follower operator 
must intervene in the entry process to select 
the direction to be followed at line intersec- 











Terminal. Nearly all 
CAD/CAM systems employ an alpha-nu- 
meric terminal along with the graphics ter- 
minal. Often terminals are accessible at the 
machine tool itself. Such a terminal is used 
to enter supplemental information, com- 
mands (if there is no cursor-type menu), 
alpha-numeric input, and system commands 
by means of a keyboard. The terminal re- 
ceives messages from the system, design 
analysis output, program listing 









minal is that these messages 
played and entered without er: 
writing the image on the graphics screen. 

The terminal is either a CRT or a hard 
copy terminal. Each type has its advantag- 
es. The CRT provides much faster output 
and does not produce masses of scrap pa- 
per. The hard copy terminal provides a 
permanent listing. often desirable in debug- 
ging or for permanent records. 





Hard Copy Unit. There is normally a 
hard copy unit provided to make copies of 
the screen in a few seconds. These copies 
can be used as permanent records of inter- 
mediate steps or on occasions when a rough 
hard copy of the screen is desired. These 
units are not suitable for final drawings 
because they are not as accurate as plotters. 

Output Plotters. There are many types of 
plotters available for use on CAD/CAM 
systems, including high-speed drum plot- 
ters, flatbed plotters, and computer output 
microfilm plotters. 

The Central Processing Unit. Function- 
ing as the heart of a CAD/CAM system, the 
central processing unit (CPU) has tradition- 
ally been a mainframe for large installations 
or a minicomputer for smaller turnkey sys- 
tems. The CPU does the necessary mathe- 
matical calculations and directs all activity 
within the system. It acts as the master 
controller and manager of workstation ac- 
tivity such as storage and plotting. 

It is important to note that the traditional 
view of CAD/CAM systems as a stand- 
alone entity is evolving. The CAD/CAM 
functions and support hardware/software 
should be considered in the context of an 
integrated factorywide machining system. 
As this occurs, computational activity will 
be distributed in a cost-effective manner, 
and cross-departmental communication of 
technical/operational information will be 
more efficient. 

The host CPU in most configurations 
directs plotters in precisely what to draw, 
copies disk data onto magnetic tapes for 
semiactive storage, reads magnetic tapes of 
drawings and/or documentation for revision 
or other reuse, and transmits data to and 
from other computers in the CAD/CAM 
system. 

Secondary Storage. The CAD/CAM data 
base is normally maintained on magnetic 
disks along with much of the CAD/CAM 
system software. Disks or similar direct- 
access devices provide rapid access to the 
information stored on them because of their 
random access configuration. CAD/CAM 
systems generally have the capability of 
handling multiple disk drives, totaling many 
hundreds of megabytes of storage. 

Magnetic tape drives are normally avail- 
able. They are used as disk backup and for 
permanent archival file storage. Informa- 
tion access is not nearly as rapid from a 
magnetic tape as it is from a disk because 
the tape is a sequential storage device. 
Therefore, to access any piece of informa- 
tion, all the information preceding it must 
first be read. For archival files and backup, 
however, the infrequent use makes the slow 
access time perfectly acceptable. Informa- 
tion transfer rates from magnetic tape are 
typically half as fast as for disks. However, 
this is still extremely rapid: magnetic tape is 
an extremely compact and inexpensive 
method of storing large amounts of data. 














Machine Control Unit. This hardware 
device is located where the machining op- 
eration occurs. It consists of the electronics 
and hardware that read and interpret the 
program of instructions and convert it into 
mechanical actions of the machine tool. The 
typical elements of a conventional NC con- 
troller unit include the interface to the CAD/ 
CAM factory system or stand-alone reader, 
a data buffer, signal output channels to the 
machine tool, feedback channels from the 
machine tool. and the sequence controls 
that coordinate the overall operation of the 
foregoing elements. It should be noted that 
nearly all modern NC systems have a mi- 
crocomputer as the controller unit. 

A reader is an electromechanical device 
for reading the tape or other magnetic me- 
dium containing the program of instruc- 
tions. The data contained on the tape are 
read into the data buffer. The signal output 
channels are connected to the servomotors 
and to other controls in the machine tool. 
Through these channels, the instructions 
are sent to the machine tool from the con- 
troller unit. To make certain that the in- 
structions have been properly executed by 
the machine, feedback data are sent to the 
controller by means of the feedback chan- 
nels. The most important function of this 
return loop is to ensure that the table and 
the workpart have been properly located 
with respect to the tool. 

Machine Control Panel. The control pan- 
el. or control console, contains the dials and 
switches by which the machine operator 
runs the NC system. It may also contain 
data displays to provide information to the 
operator. Although the NC system is an 
automatic system, an operator is still need- 
ed to turn the machine on and off, to change 
tools (some NC systems have automatic 
tool changers), to load and unload the ma- 
chine, and to perform various other duties. 
To be able to discharge these duties, the 
operator must be able to control the system, 
and this is done through the control panel. 

Additional Hardware. The hardware de- 
scribed in the above sections is mainly 
based on mainframe use. In addition to this, 
an interface module is required to transfer 
the data from the mainframe to the machine 
tool. Two types of interface modules are 
widely used. A direct-interface module is 
used when a postprocessing program is 
available on the mainframe. À postproces- 
sor converts the code generated by the NC 
program into machine-readable instruc- 
tions. A direct interface, for example, the 
NC machine controller, transfers the ma- 
chine-readable instructions from the main- 
frame to the machine. An indirect-interface 
module is used when a postprocessing pro- 
gram is not available on the mainframe. 
Examples of this type of controller are 
modified personal computers (PCs) config- 
ured as part of the machine tool controller 
and advanced NC machine controllers. In 

















this case, code generated by the NC pro- 
gram on the mainframe is transferred to the 
PC or the machine controller. A postpro- 
cessing program on a PC or controller con- 
verts the code into machine-readable in- 
structions and is then transferred to the 
machine. 

As personal computers have become 
more powerful and less expensive, they are 
becoming extremely popular in NC mac! 
ing. Many of the functions (design, analys 
NC programming, and so on) are now avail- 
able on PCs. Minimum hardware require- 
ments to perform these functions on PCs 
are an 80286 or equivalent processor, a 640 
KB (kilobyte) random access memory, a 10 
MB (megabyte) hard drive, an RS232 port, a 
math coprocessor, and a high-quality plot- 
ter for hard copy. 









CAD/CAM Data Base 


All of the functions of a CAD/CAM sys- 
tem revolve around its data base. Depend- 
ingon the overall structure of the machining 
equipment, the physical hardware location 
or locations may vary. The discussion be- 
low will cover logi not physical, organi- 
zation. The use of a common data base 
allows the simplification of many tasks. 
Once an item is entered into the data base, 
it can be accessed and used by any subse- 
quent operation. For example, in creating 
an NC part program prior to machining, 
there is no need to reenter geometry of the 
part because it can be recalled from the data 
base. 

Essentially, everything contained on the 
disks of the system is part of the data base. 
Thus, the data base includes much of the 
CAD/CAM system software (such as sys- 
tem commands, multiple menus, macros, 
plotter output routines, NC postprocessors, 
and compilers). 

The data base also contains programming 
routines, part models, designs, drawings, 
and assemblies, as well as the alpha-nu- 
meric information associated with the ma- 
chining task, such as the results of opti- 
mized metal cutting routines and text for 
machinist or technician reference. 

The data base can be set up in various 
ways, depending on the requirements of the 
vendor. Much of this activity centers 
around the part drawing. Some vendors 
store a drawing as a copy of the design 
geometry, while others store it as a pointer 
to the appropriate model along with the 
appropriate transformation information. 
This compacts the data base and simplifies 
the process of updating all the drawings of a 
part when the design is changed, because 
the only change necessary would be one to 
the model. 

The value of these transformation tech- 
niques can easily be seen. If one wished to 
rotate an entire drawing by a certain amount 
and also make it larger, one could simply 
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multiply each line in the drawing by the 
proper transformation matrix. Three- 
dimensional work is much more complex 
(and involves about three times as much 
calculation). but it is easy to imagine the 
extension of the matrix transformation con- 
cept to points located in three-dimensional 
space. Use of the proper transformation 
matrix can produce combinations of shear- 
ing, local scaling, rotation, reflection, trans- 
lation, perspective, and overall scaling. 

The matrix transformation technique al- 
lows the construction of views from any 
desired viewpoint. Stored in the data base is 
a full, three-dimensional, geometric de- 
scription of the part. To obtain a view of the 
part, one multiplies each component by 
propriate transformation matrices. Thus, 
it is possible to store a drawing of a part 
essentially as a transformation matrix and a 
pointer to the specific mathematical model 
of the part. For example, many systems are 
configured to store the mathematical de- 
scription of a part and generate drawings or 
views based on matrix mathematics trans- 
formations. The pointer references the spe- 
cific part description, and the transforma- 
tion matrix generates the required view. 
This allows a tremendous space savings if 
more than one drawing of a part is stored. 

Of course, the entire process is invisible 
to the machinist or other user: The vendor- 
provided CAD/CAM software determines 
the transformation matrix, and the comput- 
er performs the numcrical calculations. A 
general understanding of this concept is 
useful, however, in that it helps to remove 
the mystique from a CAD/CAM system and 
reinforces the fact that no individual item in 
a CAD/CAM system is incomprehensible 
when viewed in isolation without the large 
number of components surrounding and 
camouflaging it. 


CAD to CAM Interfaces 


Experience has shown that the machining 
benefits obtained from an integrated CAD/ 
CAM system are far greater than those 
realized by applying CAD and CAM as 
separate technologies. Hence, bridging the 
gap between CAD and CAM is of great 
importance. Ideas start out as concepts of 
the three-dimensional (3D) part that must be 
machined. Unfortunately, traditional docu- 
mentation usually consists of transferring 
ito two-dimensional (2D) rep- 
is. To automate production, the 
2D drawing must be reinterpreted and, in a 
certain sense, recreated as a 3D part for the 
purposes of creating an NC part program 
prior to machining. 

With an integrated CAD/CAM system, 
the common data base allows the usc of the 
3D part design already created while the 
model was being built during the design and 
drafting process. All dimensions are stored 
to an accuracy typically far greater than that 


























of the most precise machining tool; hence, 
the preparation for NC machining essential- 
ly consists of generating the tool path and 
creating the necessary files, 

Nearly all CAD/CAM systems that are 
capable of producing NC tapes do so with 
output in the form of a cutter location (CL) 
file. This is suitable for input to a postpro- 
cessor. Typically, postprocessing is accom- 
plished on another computer, but many 
vendors also provide postprocessors that 
can be run on the same computer as the 
CAD/CAM system. 

There are many advantages associated 
with using the CAD/CAM data as a basis for 
NC programming. Among the advantages 
are: 





* Tooling is standardized 

* Most simple, calculational errors are 
eliminated 

* Documentation is kept up to date in the 
common data base 

* Programmers are freed from many te- 
dious operations, leaving more time for 
truly creative work and eliminating many 
errors caused by boredom 

* Personnel do not have to be sophisticated 
programmers 

* Frequently a user-defined library of mac- 
ros can be set up to handle difficult tasks, 
allowing semitechnical personnel to oper- 
ate the system 

* Productivity and task turnaround times 
improve immensely, Figures typically 
quoted range from a 2:1 to a 10:1 increase 
in productivity 

© Visual verification of tool paths prior to 
machining provides for less tooling (tool 
collisions are essentially eliminated), less 
wasted motion and discarded material, 
and fewer dry runs 





In systems that take full advantage of the 
CAD/CAM data base, a tool path is often 
generated from a geometric boundary. This 
is in contrast to the conventional method of 
describing a path by means of a series of 
commands, such as "go right," "go 
forward," or "tangent to." The surface to 
be followed can normally be specified with 
the cursor control by pointing the cursor to 
the proper surface. 

For example. APT postprocessor state- 
ments arc inserted at appropriate points in 
the specification of the cutter path. Once a 
tool path has been created, it contains all 
the necessary information to produce the 
complete machine motion. Tool paths range 
from a two and one-half axis motion to full 
3D contouring. Automatic generation of 
pocketing around open and closed bound- 
aries and point-to-point operation proceed 
directly from an initial setup specification 
from the user. Full 3D contouring includes 
profiling and pocketing to a surface and/or 
surface intersection. Three and five axis 
motions may also be programmed. 
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The tool paths may be displayed as they 
are created as an interactive means for 
establishing optimum machine tool flow or 
in a determined sequence showing interme- 
diate tool points, in other words, in the 
actual machining sequence. If a refresh- 
type terminal is used. animation of the 
cutter path may be available. This means 
that the operator has all the necessary ca- 
pabilities to create full simulation of the NC 
process before actually attempting a ma- 
chining operation; he can "see" the part 
being run on the graphics display with gco- 
metric verification of output. 

Typically, it is possible for a library of 
user-created routines to be set up that allow 
the performance of complicated tasks by 
merely inserting a few parameters. An ex- 
ample is preset tool paths for a family of 
parts that are recognizable as such by asso- 
ciated descriptive text and other parame- 
ters. Routines for automatic calculation of 
the number and depth of cuts (rough and 
final finish cuts) based on tables contained 
in common storage can also be set up. 
Another example is separate user routines 
that are called (invoked) by standard NC 
routines. Thesc special routines are essen- 
tially nontechnical in nature and contain 
extensive prompting. This opens up the 

possibility of having fewer technically qual- 
fied people operate the system by provid- 
ing closely tailored programming using sim- 
ple, conversational questions in a menu- 
type format. 














Part programming involves the planning 
and specification of the sequence of pro- 
cessing steps to be performed on the NC 
machine. It also involves. although less 
directly, the preparation of the input medi- 
um by which the processing instructions are 
communicated to the machine tool or cell. 

With computer-assisted part program- 
ming, the machining instructions are written 
in Englishlike statements in the NC pro- 
gramming language. which are processed by 
à computer either to prepare the physical 
medium or for electronic filing. 

When using one of the NC programming 
languages, part programming essentially 
consists of two tasks: 











* Defining the geometry of the workpart 
е Specifying the tool path and/or operation 
sequence 


No matter how complicated the workpart 
may appear, it is composed of basic geomet- 
ric elements. Nearly any component that 
can be conceived of by a designer can be 
described by points. straight lines, planes. 
circles, cylinders. and other mathematically 
defined surfaces. It is the part program- 
mer's task to enumerate the component 
elements out of which the workpart can be 
formed. Each geometric element must be 








identified, and the dimensions and location 
of the element must be explicitly defined. 

After defining the workpart geometry, the 
programmer must construct the path that 
the cutter will follow to machine the part. 
This tool path specification consists of a 
detailed step-by-step sequence of cutter 
moves. The moves are made along the 
geometry elements that have previously 
been defined. By using NC programming 
language statements, the tool can be direct- 
ed to machine along the workpart surfaces, 
proceed to point locations, drill holes at 
those locations, and so on. 

The job of the computer in computer- 
assisted part programming consists of: 


* Input translation 

* Arithmetic calculations 
* Cutter offset computation 
@ Postprocessing 





The part programmer submits his NC part 
program to the computer in the NC pro- 
gramming language he is using. The input 
translation component converts the coded 
instructions contained in the program into 
computer-usable form in preparation for 
further processing. 

The arithmetic calculations unit of the 
system consists of a comprehensive set of 
subroutines for solving the mathematics re- 
quired to generate the part surface. These 
subroutines are called (invoked) by the var- 
ious part programming language state- 
ments. The arithmetic calculations unit is in 
fact the fundamental element in the part 
programming package. This unit frees the 
programmer from time-consuming geome- 
try and trigonometry calculations so he can 
concentrate on the workpart processing. 

The purpose of the cutter offset compu- 
tation is to offset the tool path from the 
desired part surface by the radius of the 
cutter. This allows the part programmer to. 
define the exact part outline in his geometry 
statements 

Numerically controlled machine tools 
have different features and capabilities. 
They use different NC tape formats. There- 
fore, the final task of computer-assisted part 
programming is to take the general instruc- 
tions and make them specific to a particular 
machine tool system. The unit that per- 
forms this task is called a postprocessor. 

The postprocessor is really a scparate 
computer program that has been written to 
prepare the punched tape for a specific 
machine tool. е input to the postpro- 
cessor is the output from the other three 
components. The output is the NC tapc 
written in the correct format for the ma- 
chine on which it is to be used. 











Direct Numerical Control 


‘There are a number of problems inherent 
in conventional NC that have motivated 
machine tool builders to seek improvements 


in the basic NC system. Among the difficul- 
ties encountered in using conventional NC 
systems are problems with the tape or the 
tape reader and the fact that the controller 
unit is hard wired; that is, its control fea- 
tures cannot be easily altered to incorporate 
improvements. 

]t was with these problems in mind that 
the machine tool builders developed the 
concept of using the general-purpose com- 
puter to control NC machines. Their con- 
cept has come to be called direct numerical 
control (DNC). 

Direct numerical control can be defined 
as a manufacturing system in which a num- 
ber of machines are controlled by a comput- 
er through a direct connection and in real 
time. The tape reader, which was the least 
reliable component of the NC system. 
omitted in DNC. Instead of using the tape 
reader, the part program is transmitted to 
the machine tool directly from the computer 
memory. The system consists of four com- 
ponents: 











* A central computer 

* Bulk memory, which stores the NC part 
programs 

* Communication links 

* Machine tools 


The computer calls the part program in- 
structions from bulk storage and sends them 
to the individual machines as the nced aris- 
es. It also receives feedback data from the 
machines. This bidirectional information 
flow occurs in real time, which means that 
requests from each machine for instructions 
must be satisfied almost instantaneously. A 
diagram of a typical DNC system is shown 
in Fig. 7. 


Computer Numerical Control 


Over the years, the cost and physical size 
of the digital computer have been greatly 
reduced. At the same time, its computation- 
al capabilities have increased. The result of 
these improvements has been the maturing 
of computer numerical control (CNC). 

Computer numerical control is an NC sys- 
tem that uses à dedicated, stored-program 
computer to perform the basic NC functions. 
Because a digital computer is used in both 
CNC and DNC, therc is often confusion 
surrounding the two system types. The prin- 
cipal differences between the two are: 


ө Direct numerical control computers dis- 
tribute instructional data to, and collect 
data from, a number of machines or ma 
chining cells. With CNC, only one ma- 
chine or a small number of machines in a 
cell can be controlled 

* Direct numerical control computers oc- 
cupy a location that is typically remote 
from the machines under their control. 
Computer numerical control computers 
are located close to their machine tools 
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Fig. 8 General configuration of a CNC system 
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Fig. 9 Diagram of a distributed numerical control system. EDM, electrical discharge machining 


mation system in the manufacturing sec- 
tor of a firm. Computer numerical control 
software is developed to augment the 
capabilities of a particular machine tool 


* Direct numerical control software is de- 
veloped not only to control individual 
pieces of production equipment but also 
to serve as part of a management infor- 





Almost all CNC machine tools provide tape 
editing on the shop floor. This means that the 
NC tape can be optimized during tape tryout 
at the site of the machine tool. Frequently, 
CNC machines have local CAD capabilities, 
allowing the operator to access the workpiece 
or other graphic information needed on the 
shop floor. The general configuration of a 
CNC system is shown in Fig. 8. 








Distributed 
Numerical Control 


A logical extension of direct numerical 
control is referred to as distributed numer- 
ical control. This is complementary to and 
consistent with the concept of an integrated 
CAD/CAM system for machining. The new 
distributed numerical control combines the 
centralized data base feature of DNC with 
the distributed computer power available in 
CNC machine tools. This creates a commu- 
nications network for the shop floor that 
eliminates paper tape and provides an auto- 
mated part program library, status reporting 
on machine tool operation, and the capabil- 
ity to run part programs of practically infi- 
nite length. 

The configuration of a DNC system is 
such that the CL file is generated by com- 
piling the APT part program or by generat- 
inga tool path from gcometry created with a 
CAD software package. This CL file is sent 
10 the machine-specific postprocessor, 
which generates the instruction set to oper- 
ate the NC machine tool, The postprocessor 
is a software package running on either the 
CAD/CAM computer system or a satellite 
computer, A statement in the CL file spec- 
ifies which postprocessor is to be used to 
generate the instruction set, which is then 
sent to the proper NC machine tool over a 
communications link. This same link is used 
to gather production data from the NC 
machine tools. A block diagram of a typical 
distributed numerical control system is 
shown in Fig. 9. 

Some of the reasons for acceptance of 
DNC as an effective approach to manufac- 
turing include: 





* The availability of low-cost micropro- 
cessor adapters that can interface to any 
vendor's machine tool 

* The price reduction of microcomputers 

and magnetic disk drives, which makes 

these computers cost-effective manage- 
ment tools for the distribution of part 
programs 

The development of data communica- 

tions facilities such as fiber optics that 

can operate reliably in the often hostile 
environment of the shop floor 

The growth in the population of CNC 

machine tools, which makes their integra- 

tion into a shop network a logical produc- 
tivity improvement 
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е The establishment of standards for part 
programs and data communications 

The familiarity with computers that shop 
owners and managers have acquired 
The success of CAD/CAM and Materials 
Requirement Planning (MRP), which is 
prompting managers to look for addition- 
al ways of increasing productivity 
through computers 

The realization by management that the 
success of the factory of the future is 
dependent upon the integration of the 
production process with the engineering 
and planning operations 





This integration process is the basis of 
distributed numerical control. The integration 
of production tools and CAD systems will 
provide the means and flexibility whereby the 
real benefits of flexible manufacturing can be 
realized. In order to optimize the benefits of 
DNC, certain elements of a state-of-the-art 
system should be recognized. 

Editing, printing. and plotting part pro- 
grams arc all necessary functions of a distrib- 
uted numerical control system. Editing pro- 
vides a means of changing part programs on 
the shop floor or even manually writing a part 
program without tying up an expensive ma- 
chine tool for this purpose. Distributed nu- 
merical control terminals should be provided 
for editing and printing part programs. Plot- 
ting or other graphic verification of part pro- 
grams should also be a by-product of a dis- 
tributed numerical control system. 

File management provides an automatic 
library for part programs. It should include 
automatic storage. purging. deleting. copy- 
ing. scheduling, and renaming of the revi- 
sion of a part program. The distributed 
numerical control file manager must pro- 
vide a technique for tracking, storing. and 
updating revisions of part programs. 

The DNC system should also offer rugged 
terminals that can exist in the manufacturing 
environment. The terminals should have a 
flexible security structure that allows man- 
agement to assign responsibility and function- 
ality where it is needed, not where the distrib- 
uted numerical control system supplies it. 





Many operators on a factory or shop floor 
do not have computer training or experi- 
ence. Most CNC operators have keyboard 
experience and a sense for computer oper- 
ation, but they are neither computer opera- 
tors nor NC programmers. A DNC system 
should provide a menu technique for ac- 
cessing the functions of the system. A well- 
designed system will also allow NC pro- 
grammers to access additional functions 
where needed. 

A distributed numerical control system 
must be designed to connect economically 
to any machine, It is an acknowledged 
industry fact that NC controllers have not 
been standardized. Different shops have 
machine tools of varying NC vintage and 
capability, A distributed numerical control 
system must interface with all NC machine 
tools as well as robots and other numeri 
ly driven machines. 

A state-of-the-art DNC system will pro- 
vide interfaces and integrations with a 
CAD/CAM or part programming system. 
Computer networks are also a future pro- 
ductivity tool. Many computer manufactur- 
ers have advanced computer networks, and 
many offer a standard network. It is impor- 
tant that the distributed numerical control 
system be easily integrated into a widely 
accepted computer network by standard. 
well-maintained products. The integration 
into a standard computer network will sim- 
plify future extension of the distributed nu- 
merical control system of the plant to many 
of the shared vendor data bases that major 
manufacturers will be establishing. An in- 
dustry-accepted operating system will per- 
mit the integration of other manufacturing 
tasks to the distributed numerical control 
system of the plant. 
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Machinability Test Methods 


C. Zimmerman, S.P. Boppana, and K. Katbi, GTE Valenite 


MEASURING THE PERFORMANCE 
of cutting tool materials and geometries 
over a broad range of materials and condi- 
tions is crucial to design improvement. 
Modern machining methods require that 
cutting tools be more versatile to handle a 
wide range of operations in an effort to 
reduce inventories and tool change time. A 
wide variety of machine tests are regularly 
conducted to meet this goal and to under- 
stand the phenomena associated with ma- 
chining. These tests encompass workpiece 
materials, cutting tools, and the cutting op- 
eration and its characterization (Ref 1-8). 
This article will discuss the considerations 
used in selecting and evaluating machining 
tests for the purpose of evaluating cutting 
tool performance and workpiece machin- 
ability. Additional information on machin- 
ing tests for steels can be found in the article 
"Machining of Carbon and Alloy Steels" in 
this Volume (see the section "Appendix on 
Machinability Testing"). 





Cutting Tool Materials 


The evolution of cutting tools has pro- 
ceeded from high-speed steel (HSS) tools, 
first introduced at the beginning of the cen- 
tury, to modern cemented carbides, coated 
carbides, cermets, ceramics, and finally 
polycrystalline diamond (PCD) and cubic 
boron nitride (CBN) materials. All these 
materials, which are reviewed below, are 
used in current machining practice. The 
application and speed ranges of various 
cutting tool materials are shown in Fig. 1. 
More detailed information and data can be 
found in the Section "Cutting Tool Materi- 
als" in this Volume. 

High-speed steels are characterized by 
moderate wear resistance and high trans- 
verse rupture strengths, giving them wide 
applicability on machining operations. 
Their primary limitation is speed/metal re- 
moval rate, typically suffering plastic defor- 
mation at relatively low cutting speeds (30 
10 60 m/min, or 100 to 200 sfm). As a result, 
their primary applications are in form cut- 
ters, reamers, taps, drills, and small-diame- 
ter end mills. High-speed steels are also 
used in the milling of high-temperature ma- 
terials and on older machines with less 
rigidity and limited speed capability. 


Uncoated and Coated Carbides. Car- 
bides dominate the metal removal market. 
They possess high wear resistance and com- 
pressive strengths that enable them to cut a 
wide variety of materials at favorably high 
material removal rates. Uncoated carbides 
are typically found in the machining of cast 
irons, steels, stainless steels, and nonfer- 
rous and high-temperature materials at 
speeds up to 150 m/min (500 sfm). 

Coatings such as titanium nitride (TiN), 
titanium carbide (TiC), and aluminum oxide 
(Al,O,) were added to enable still higher 
metal removal rates to be achieved. These 
coatings enhance the wear and crater resis- 
tance of cemented carbides with a modest 
loss in strength. As a result, a major portion 
of the market in cast iron, steel, and stain- 
less steel machining is served by these 
materials, with machining speeds up to 275 
m/min (900 sfm). 

Cermets, like carbides, are composite 
materials, the primary difference being the 
use of nickel instead of cobalt as a binder 
material. The high TiC content results in a 
material with very high hardness and ther- 
mal deformation resistance. However, they 
are not as tough as conventional carbides 
and so are used primarily in semifinishing 
and finishing operations at speeds up to 365 
m/min (1200 sfm). 

Ceramics. Although ceramics have been 
used for machining since 1905, only the 
recent advancements in materials and pro- 
cessing methods have opened up a larger 
market share by improving the toughness 
and reliability of the various compositions. 
Modern ceramics are available in a variety 
of compositions tailored to market needs. 
These include а more or less pure Al,O; 
ceramic for finishing applications, a compos- 
ite Al,O,-TiC ceramic for semifinishing appli- 
cations, and a whisker-reinforced alumina- 
silicon carbide (Al,0,-SiC,,) material for the 
roughing of nickel-base high-temperature ma- 
terials. Additionally, silicon nitride (51,3) 
base materials are used for the high-speed 
machining of cast irons and the roughing of 
nickel-base high-temperature alloys. The high 
hardness and thermal deformation resistance 
of these materials allow metal removal at 
speeds as high as 1220 m/min (4000 sfm). 

Cubic boron nitride has an extremely 
high hardness and compares favorably in 











toughness to conventional ceramic materi- 
als. Although very costly to manufacture, it 
can provide an economical advantage when 
machining steels and cast irons where the 
hardness exceeds 35 HRC, especially in 
interrupted cutting. This material is also 
occasionally used in the machining of aero- 
space alloys. 

Polycrystalline Diamond. ‘The hardest 
material known to man, PCD is used for 
machining nonferrous and composite mate- 
rials at very high speeds. Limited by its 
toughness and chemical resistance, this ma- 
terial is commonly used in the machining of 
390 aluminum-silicon alloy and other highly 
abrasive materials. Polycrystalline diamond 
is not recommended for the machining of 
ferrous alloys. 


Cutting Tool Material 
Test Methods 


During the course of cutting tool material 
development and the qualification of pro- 
duction processes, a variety of machining 
tests are used to determine market position, 
cutting ranges, and overall quality of prod- 
ucts. Because the goal is to produce a 
cutting tool with the widest possible appli- 
cation range, a matrix test approach is used, 
with testing being conducted over a wide 
range of workpiece materials and cutting 
conditions. Ultimately this allows the cut- 
ting tool material supplier to target the tool 
in the marketplace and to provide useful 
application information to the end user at 
product introduction. The following matri- 
ces represent the range of tests performed 
on candidate cutting tool materials. 














Workpiece Matrix 

Cutting tool compositions vary widely 
because of the variety of workpiece materi- 
als they are designed to machine. A grade or 
geometry targeted for a particular market 
niche might be tested on only one or two 
materials, while a general-purpose grade or 
geometry may be tested on three or more 
materials. These workpiece materials are 
generally from one or more of the following 
groups: 


* Plain carbon and alloy steels 
* Cast irons 
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EE and/or nonferrous materials 
C Typical speed range 
E] Occasional usage 
Speed, sfm 
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Speed, m/min 


Corporation 


* Stainless steels 

* Tool steels 

* High-temperature (aerospace) alloys 
* Nonferrous materials 

* Composites 


Utilizing single-point turning or milling 
test conditions appropriate to the workpiece 


Approximate speed ranges ond applications of various cutting tool moteriols. Source: GTE Valenite 


material and the tool being tested, an eval- 

uation of the tool applicability and projected 

tool life can be made. Typical workpicce- 

tool testing combinations include the fol- 

lowing: 

© Uncoated carbide: Any of the materials 
listed above 


е Coated carbide: AISI 1045, 4140, 4150, 
4340, and 8620, gray and ductile cast 
irons, and stainless steels 

€ Cermets: Steels at finishing conditions 

ө А1,0,-ТІС ceramics: Tool and hardened 
steels 

ө ALO, ceramics: Cast irons and steels at 
finishing conditions 

e Whisker-reinforced ceramics; Inconel 
718 and most nickel-base high-tempera- 
ture alloys 

ө Si,N, ceramics: Cast irons at high speeds 
and nickel-base high-temperature alloys 

* CBN: Chilled cast iron (>40 HRC), tool 
steels, Ni-Hard cast iron, and hardened 
steels 

* PCD: Aluminumssilicon alloys (380, 390, 
and so on). composites, and other abra- 
sive materials 








Property Matrix 

In evaluating a cutting tool material in a 
machining operation, the applicability is de- 
pendent on having the correct combination 
of physical properties. Because maximizing 
one property typically means lowering 
some other property (for example, extreme- 
ly wear-resistant materials generally have 
poor toughness), the workpiece properties 
and cutting operations strongly influence 
the selection of a cutting tool material. 
Similarly, developing an understanding of 
the tool properties and their relationship to 
cutting performance is the key to under- 
standing the potential application range. 

Properties of primary concern in cutting 
tool design are fracture resistance (tough- 
ness), plastic or thermal deformation resis- 
tance, and wear resistance. Also of concern 
is the resistance of the material to cracking, 
notching, cratering, and, in the case of 
coated inserts, spalling (poor coating adher- 





Machine tests are designed to measure 
the resistance of cutting tools to these fail- 
ure mechanisms. This is accomplished by 
matching the workpiece and tool materials, 
adjusting machining parameters over the 
likely application range, and then carefully 
evaluating the failure modes and their rela- 
tionship to basic physical properties of ma- 
terials. Common failure mechanisms are 
shown in Fig. 2. The cutting tool properties 
of most concern in evaluating these failures 
are described below. 

Toughness is commonly defined by cut- 
ting tool users as the resistance of the 
cutting edge to breakage or fracture under 
unfavorable conditions, which typically 
might include one or more of the following: 


* High feed rates 

* Moderate-to-severe interruptions 

* Inconsistent or difficult workpiece mate- 
rial 

* Lack of rigidity 

Because milling incorporates many of these 

factors, a flycut milling test is commonly 
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Fig. 2 Predominant failure mechanisms of cooted carbides when machining steels 


used to evaluate toughness. Figure 3 shows 
the relative toughness of three different 
types of ceramics by comparing the number 
of impacts required before failure occurs by 
breakage, chipping, or cracking. 

Flank Wear Resistance. The resistance 
of the cutting tool to flank wear is a primary 
concern in the applicability of the material 
to a cutting operation. Because the tool 
must have adequate resistance to both abra- 
sive and chemical wear, the chemical inert- 
ness of the material as well as its hardness 
must be considered. Figure 4(a) shows a 
typical wear land generated during a turning 
or facing operation, It is the balancing of the 
abrasive and chemical wear resistance, 
along with toughness, that gives each tool 
material family its own application range, as 
shown in Fig. 1. Generally, as the cutting 
speed increases, chemical wear resistance 
becomes more important; therefore, inert 
materials, such as oxides and nitrides, per- 
form better at higher cutting speeds. 

Deformation. A secondary effect of high 
cutting speeds is the occurrence of plastic 
deformation due to increased cutting tem- 
peratures. Under these conditions, the 
binder phase of the cutting tool material 
may soften and deform causing a bulging 
effect, as shown in Fig. 4(b). Such an effect 
can cause breakage, a higher flank wear 
rate, or spalling of the coatings. This effect 
is accentuated under high chip loads and is 
a typical failure mode for rough cutting in 
which the toughness requirements prevent 
the use of ceramic or other binderless cut- 
ting materials. 

Crater Resistance. A secondary result of 
abrasive and chemical wear is the formation 
of a crater on the rake surface of the insert. 
In this case, the chips formed during the 
operation rub and weld on the rake face, 
causing a dish-shaped depression to be 
formed, as shown in Fig. 4(c). As a result of 
this formation, cutting forces can increase 
and, coupled with the weakening of the 
insert, can result in catastrophic failure due 
to chipping or breakage. Crater formation 
can be inhibited, however, with the proper 
chip-breaker geometry. 

Cracking occurs under heavy mechanical 
load and/or as a result of rapid and repeated 
temperature changes during the cutting op- 











eration. Cracks typically i 
stress areas and extend parallel or perpen- 
dicular to the cutting edge, as shown in Fig. 
4(d). Commonly seen in milling operations, 
these cracks eventually lead to catastrophic 
failure due to chipping or breakage. 

Notching occurs most commonly in the 
machining of high-temperature materials 
such as Inconel 718. It arises in a localized 
area at the depth of cut and is a result of the 
high stresses in that area. Under these con- 
ditions, minor chipping, coupled with an 
accelerated wear rate, results in a failure of 
the type shown in Fig. 4(e). As this notch 
grows, the likelihood of crack formation 
and subsequent breakage is increased. The 
resistance of whisker-reinforced ceramics 
to this crack formation is one of the reasons 
why it has been successful in cutting this 
type of material. 

Chipping is a less severe and more com- 
mon form of breakage. This is the result of 
small fragments of the cutting edge being 
broken away during the cutting operation, 
as shown in Fig. 4(f). This is a result of the 
strength of the cutting tool material being 
exceeded in localized areas due to chatter, 
variations in the workpiece, or buildup on 
the cutting edge. Edge preparation plays an 
important role in minimizing the occurrence 
of chipping. 

Ultimately, the intent in targeting appli- 
cation ranges is to avoid fracture of the 
insert, as shown in Fig. 4(g). When this 
occurs, the insert (and often the workpiece) 
is rendered unusable. 


Operation Matrix 

In order to evaluate the performance 
range of a comparable group of cutting tools 
in single-point turning or in milling tests, 
cutting conditions are selected to cover the 
expected application range of the group 
(particularly cutting speed and feed rate). 
The choice of workpiece materials is like- 
wise based on the expected application 
range of the group of cutting tools. Tool life 
criteria are defined and, along with cutting 
conditions and workpiece materials, are or- 
ganized into a table called a machine test 
matrix (Table 1). 

Although such testing is time consuming, 
it needs to be conducted only once for any 


Cutting conditions 
Speed: 715 m/min 

Feed rate: 0.25 mm/tooth 

Depth of cut: 1.60 mm 

Workpiece dimensions: 130 mm square 
Insert style: SNG-433 (T0820) 
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Fig. 3 
group of materials. The testing is conducted 
to: 

* Determine any performance differences 
in wear, toughness, deformation resis- 
tance, and other failure mechanisms 
Establish curves showing the relationship 
between cutting speed and tool life, as 
shown in Fig. 5. Tool life curves allow an 
accurate comparison between grades and 
provide a tool life exponent, which is 
widely used in tool life formulas and 
machining economics 

Determine the type of failure mecha- 
nism(s) encountered in such conditions 
and to study the influence of each mech- 
anism on tool performance. This allows 
the definition of cutting conditions in 
terms of failure mechanisms, such as the 
example shown in Fig. 2 

Study the effect of different materials and 
conditions on substrates and/or coatings— 
for example, the effect of speed on one 
substrate with two different types of coat- 
ing 

The same procedures are applied in turning 
and milling. It should be noted that the tool 
life criteria shown in Table | can differ, 
depending on tool material, workpiece ma- 
terial, test type, and machining conditions. 


Cutting Conditions 


A wide variety of machine tests are used 
to evaluate cutting tools. In addition to a 
variety of workpiece types, these tests em- 
ploy variations in speed, feed rate, and 
depth of cut. These variables can be manip- 
ulated to generate the desired failure modes 
and to determine the overall application 
range of the cutting tool material. Similarly, 
the type of machining operation itself deter- 
mines the primary properties required for 
success. Milling grades typically require 
higher strengths than their turning counter- 
parts. 

Determining the application range of a 
cutting tool, then, requires the variation of 
speed, feed rate, and depth of cut, as well as 
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Fig. 4 Failure mechanisms of cutting tools. (o) Typical flank wear on a carbide insert. ( 
9. 4 insert. (d) Typical perpendicular cracks on a carbide insert. (e) Typical notching at 


insert. (д) Typical fracture on a carbide insert 


workpiece material. The following tests are 
typical of those used in this determination. 

The impact test is a flycut milling test 
that uses a 150 mm (6.0 in.) diam cutter 
body loaded with a single insert. This test is 
conducted at a constant speed and depth of 
cut, with the feed rate being varied to 
determine the overall toughness of the cut- 
ting tool. Typical conditions for this test in 
carbide testing are as follows: 


(9) 


1mm 


ө Material: А151 4150 steel (resulfurized), 
265 HB. 75 x 40 mm (3.0 x 1.5 in.) cross 
section 

€ Speed: 230 m/min (750 sfm) 

€ Depth of cut: 3.2 mm (0.125 in.) 


The centerline of the cutter is aligned with 
the entry of bar, and the insert is run one 
pass per corner at successively higher feed 
rates until chipping or breakage occurs. 





(b) Typical edge deformation on a carbide insert. (c) Typical crater wear on a carbide 
1 depth of cut on a whisker-reinforced ceramic insert. (f) Typical chipping on a carbide 


The turning test is generally used to 
determine wear resistance and high-speed 
deformation resistance. In this test, speed, 
feed, and depth of cut are constant, and tool 
life is measured as the time required to form 
a 0.38 mm (0.015 in.) wear land or a 0.13 
mm (0.005 in.) crater depth. A wide variety 
of conditions are used, depending on the 
material being tested, but typical conditions 
might be: 




















Table 1 An example of a machine test matrix 
Speed ——] 

Test Work material mimin stm Depth of cut. 
[m meee UN 150 500 0.25 0.010 ‘Constant 
2 0.50 0.020 

3 075 0.030 

n A 210 700 025 0.010 Constant 
5 0.50 0.020 

6 0.75 0.030 

p A 275 900 0.25 0.010 Constant. 
8 0.50 0.020 

9 0.75 0.030 

[d .B 90 300 025 0.010 Constant 
2 038 0015 

3 0.50 0.020 

Жее B 150 500 025 0.010 Constant 
5 0.38 0.015 

6 0.50 0.020 

Jis B 210 700 0.25 0.010 Constant 
8 0.38. 0.015 

$ 0.50 0.020 


Note: Tool life criteria for carbide tools: 0.380 mm (0.015 in.) flank/nose wear, 0.13 mm (0.005 in.) crater. chipping, or breaking of the 


cutting edge, whichever occurs first 





* Material: AISI 1045 steel, 180 HB 
Speed: 210 m/min (700 sfm} 

* Feed: 0.50 mm/rev (0.020 in./rev) 

© Depth of cut: 2,55 mm (0.100 in.) 





During the test, inserts are checked and 
wear lands measured at regular intervals 
with the tool life to achieve a 0.38 mm 
(0.015 in.) wear land or a 0.13 mm (0.005 in.) 
crater depth expressed in minutes. 

A facing test is used to provide a rapid 
means of evaluating the wear and crater re- 
sistance of cutting tools (particularly coated 
materials). In this test, speed, feed, and depth 
of cut are held constant while the insert is run 
through multiple facing passes. The total 
number of passes required to achieve a 0.38 
mm (0.015 in.) wear land or a 0.13 mm (0.005 
in.) crater depth is considered the tool life. 
Typical conditions for testing a coated car- 
bide material are as follows: 


© Material: AISI 4150 steel, 220 HB, facing 
175 to 50 mm (7 to 2 in.) diameter 

© Speed: 275 m/min (900 sfm) 
Feed: 0.40 mm/rev (0.015 in./rev) 

* Depth of cut: 1.6 mm (0.0625 in.) 


Nodular Iron Impact Test. A specialized 
test used to determine relative coating ad- 


herence is conducted using a gummy nodu- 
lar (ductile) iron. This is a flycut test utiliz- 
ing a 150 mm (6.0 in.) diam cutter loaded 
with a single insert. This insert is exposed to 
a single pass at a specified speed, feed, and 
depth of cut. Adhered iron is then removed 
in an acid bath, and the insert is inspected to 
determine the amount of coating that has 
spalled away from the substrate. This is 
expressed as a percentage of the total chip 
contact area. Typical conditions for this test 
are as follows: 





ө Material: 80-55-06 ductile iron, 235 HB, 
50 mm (2 in.) diam cross section 

€ Speed: 275 m/min (900 sfm) 

© Feed: 0.23 mm/tooth (0.0092 in./tooth) 

© Depth of cut: 3.2 mm (0.125 in.) 


Machinability Ratings 


Machinability is defined as the relative 
ease or difficulty of removing metal in trans- 
forming a raw material into a finished prod- 
uct. The concept of a machinability rating, 
that is, a number assigned to indicate the 
ease or difficulty of machining for materials, 
was introduced early in this century when 
high-speed steel tools dominated the mar- 
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Fig. 5 Typical tool life lines of carbide tools 
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ketplace. The tool life obtained in turning 
B1112 steel with a high-speed steel tool at 
55 m/min (180 sfm) was assigned a rating of 
100% (Ref 9). Machinability ratings were 
assigned to other materials based on the 
relative tool life achieved when machining 
them under the same conditions with a 
high-speed steel tool. 

The development of new cutting tool and 
workpiece materials, along with the wide 
variety of chip-breaker geometries, has 
complicated this somewhat. In measuring 
the machinability of a material, the follow- 
ing factors must be taken into consider- 
ation: 








е Cutting tool material 

€ Machining operation (continuous or in- 
terrupted) 

* Geometry of cutting tool 

* Edge preparation 

e Machining conditions 

e Cutting fluid 

ө Rigidity of the machine 


The machinability rating is also influenced 
by material hardness, tensile strength, 
chemical composition, microstructure, 
strain hardenability, and manufacturing 
process. 

When machining steels, hardne: 
used as a relative mea: 
the harder the material, the less machin- 
able. However, steels with low carbon lev- 
els are more gummy and tend to develop a 
buildup on the edge of the cutting tool, 
resulting in a lower-than-expected machin- 
ability rating. Small additions of sulfur or 
phosphorus can significantly improve ma- 
chinability. Therefore, chemical composi- 
tion is equally important in estimating the 
machinability of steels. 

Microstructure is also influential in deter- 
mining the machinability of materials. Fig- 
ure 6 shows the variation that can occur in а 
gray cast iron from 260 to 200 mm (10.3 to 
8.0 in.) in diameter. This resulted in a con- 
siderable difference in the machinability of 
the material, with a Si,N, test tool failing 
catastrophically at diameters greater than 
215 mm (8.5 in.). 

The influence of the manufacturing pro- 
cess is illustrated in an A390 aluminum- 
silicon alloy. In this case, a material manu- 
factured by high-pressure conventional die 
casting is more machinable than the same 
alloy manufactured by sand casting (Ref 
10). The dic cast process produces very 
fine, evenly distributed silicon particles, 
while the sand cast process has larger par- 
ticles and poorer distribution. The result is a 
large difference in machinability. 











Development of 

Machinability Ratings 
Machinability ratings for different mate- 

rials can be developed by using one type of 

cutting tool at a constant set of cutting 

conditions. These ratings, however, may 


= % 


Fig. 6 





Microstructural variations that influence machinability in class 40 gray iron 260 mm (10.3 in.) diam bar 
samples. Machinobility increases from (a) low machinability to (d) highest mochinobility. (a) This gray iron 


has type D and € distribution of graphite flokes approximately 260 to 250 mm (10.3 to 9.8 in.) in diameter. The 
graphite flakes are surrounded by pearlite and isolated pools of ferrite. (b) This gray iron has type D distribution of 
graphite flakes approximately 250 to 235 mm (9.8 to 9.3 in.) in diameter. The graphite flakes ore surrounded by 
pearlite and small isolated pools of ferrite. (c) This gray iron has type D (coarse) distribution of graphite flokes 


surrounded by pearlite o 


distribution of graphite flakes surrounded by peorlite below 205 mm (8.1 in, 


change as conditions or cutting tool materi- 
als change. Machinability tests are conduct- 
ed in different forms, but generally include 
the following: 


* Tool life or wear tests 

© Surface finish tests 

© Cutting force tests 

€ Power consumption tests 
ө Cutting temperature tests 


Tool life is generally considered to be the 
amount of time the tool produces parts with 
acceptable finish and/or tolerance while not 
showing sufficient wear to be in danger of 
catastrophic failure. 

Tool Life or Wear Tests. In determining a 
machinability rating based on tool wear, 
tests are conducted at one speed on a vari- 
ety of workpiece materials, utilizing one 


roximately 235 to 205 mm (9.3 to 8.1 in.) in diameter. (d) This gray iron has type A 


diameter. All at 150x 





type of cutting tool material and one geom- 
etry. The time or work required to generate 
a predefined amount of wear is found, and 
machinability ratings are assigned based on 
the relative tool life for the respective ma- 
terials. For example, materials A, B, and C 
are to be evaluated for machinability rating 
using a carbide tool. The wear generated as 
a function of time for all the materials is 
shown in Fig. 7. The tool lives for materials 
A, B, and C to generate 0.38 mm (0.015 in.) 
of wear are 50, 32, and 14 min, respectively. 
The relative assigned machinability ratings 
are given in the table accompanying Fig. 7. 

In Taylor’s tool life tests, a series of 
operations is run to determine the relation- 
ship between tool life and cutting speed (Ref 
11). The machinability of a material is then 
based on the cutting speed that produces a 


predetermined tool life of 60 min. The rela- 
tionship between tool life and cutting speed 
for three workpiece materials, designated 
A, B, and C, that are to be machined using 
carbide tools is established in Fig. 8 using 
the Taylor methodology. 

The speeds that produced a tool life of 60 
min for materials A, B, and C are 189, 146, 
and 122 m/min (620, 480, and 400 sfm), 
respectively. The assigned relative machin- 
ability ratings are given in the table accom- 
panying Fig. 8. 

Surface Finish, Cutting Force, and Pow- 
er Consumption Tests. Surface finish tests 
consider the finish produced on the ma- 
chined part as the criterion for assessing the 
machinability of materials. The better the 
finish produced under a given set of condi- 
tions, the more machinable the material. 
Similarly, cutting force tests measure the 
feed or longitudinal force required to ma- 
chine a material under a given set of condi- 
tions (Ref 12). The less force required, the 
more machinable the material. In a similar 
way, power consumption tests measure the 
horsepower required for machining materi- 
als. 

Cutting temperature tests measure the 
temperature at the tip of the cutting tool 
during machining operations (Ref 13). Hard- 
er materials and/or higher cutting speeds 
generally produce higher cutting tip temper- 
atures, with a drop in tool life. These tests, 
although difficult and time consuming to 
conduct, have established some correlation 
to the results produced by tool life and tool 
wear test methods and probably represent 
the best means by which to determine tool 
and workpiece performance. 





Variables in 
Machinability Ratings 

The variation in machinability ratings be- 
tween materials and operations is indicated 
in Table 2. The machinability ratings of four 
workpiece materials are listed along with 
the variation that occurs as a result of 
machining with high-speed steel or carbide 
tools in turning or milling operations. For 
example, the machinability of maraging 
steel with a high-speed steel tool can vary 
from 54 to 92, depending on the operation. 
Similarly, the machinability rating of these 
four materials in milling with carbide tools 
can vary from 20 to 88. 

Much of this variability can be attributed 
to the inverse relationship between tough- 
ness and wear resistance in cutting tools. 
Tools that have high abrasion resistance, 
such as ceramics, tend to demonstrate low- 
er toughness. Such tools, when used in 
machinability studies, will produce a higher 
rating in turning and a lower rating in milling 
for most of the commonly used workpiece 
materials. 

Most machinability ratings are developed 
under a fixed set of cutting conditions, even 
though a wide variety of machining condi- 
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tions are encountered in practice. This of 
course serves to simplify a difficult problem 
by eliminating the variables most easily 
controlled. However, the cutting conditions 
can change. 

Variations in Tool Material. The results 
from a machinability study conducted on 
microalloyed dual-phase sheet steel are 
shown in Fig. 9. In this study, a constant 
feed rate and depth of cut were maintained 
over different cutting speeds. Machining 
was done with coated and uncoated carbide 
tools. In machining with uncoated carbide, 
the tool life fell from 50 min at 183 m/min 
(600 sfm) to 10 min at 305 m/min (1000 sfm). 
Coated carbide tools, which begin with four 
times the tool life of uncoated carbides at 
183 m/min (600 sfm), demonstrated a similar 
drop, 

Variations in feed and depth of cut can 
create similar effects in the machinability of 
materials, depending on the affinity of the 
cutting tool and workpiece materials. The 
reason is the additional heat generated by 
the cutting operation at higher speeds, 
feeds, or depths of cut. As mentioned ear- 
lier, at these higher cutting temperatures, 
chemical wear takes over as the predomi- 
nant component of overall tool wear. The 
result is a rapid acceleration of the tool wear 
rate unless extremely inert tool or work- 
piece materials are being used. 

Cutting tool geometries can strongly 
influence machinability ratings. These ge- 
ometries include positive versus negative 


speed ond the resulting machinability rating for three 





rake, flat top versi р groove geometry, 
radius versus chamfer edge preparation, 
and ground versus polished rake surfaces. 
Negative rake gcometries gencrate higher 
cutting forces than positive rake geome- 
tries. When machining gummy materials 
such as aluminum, titanium, and some 
stainless steels, negative rake geometries 
can result in built-up edge and a lowering of 
tool life and the machinability rating. Neg- 
ative rake inserts with a chip-breaker 
groove present a higher shear angle to the 
workpiece than a flat top insert, thus low- 
ering forces and extending tool life. Larger 
hones (edge radius) will accelerate wear in a 
turning operation while improving tool life 
in milling by preventing chipping. One 
study on the machining of aluminum found 
that a tool with a polished rake face reduces 
built-up edge, providing better tool life than 
a conventionally ground rake face (Ref 15). 

It is obviously a difficult and complex 
task to develop universal and meaningful 
machinability ratings for workpiece materi- 
als, given the variables in the machining 
process. However, machinability ratings 
can be developed, provided the cutting tool 
and process conditions are held constant. 
Experience in machinability testing sug- 
gests that the end user should become fa- 
miliar with the capabilities of the different 
cutting tools and the properties of the work- 
piece materials employed in order to use 
machinability ratings wisely and produc- 
tively. 
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Application/Grade Selection 


A knowledge of machinability and cutting 
tools is the starting point for selecting a 
grade/geometry combination for any ma- 
chining operation. The task of the tooling 
engineer is to select, from the vast numbers 
of possibilities, the grade that will give the 
best performance, predictability, reliability, 
and economic justification. To accomplish 
this, operation characteristics, insert and 
chip groove selection criteria, and machin- 
ing economics need to be evaluated (Ref 
16). 


Operation Characteristics 

The operation category involves deter- 
mining whether heavy roughing, roughing, 
semifinishing, or finishing is needed. For 
example, the high-speed finishing of steel 








Table 2 Machinability rating 
inconsistencies 








| Werk material — 
177 250 
4340 РН mura. 
steel at TL3AL steel ating 
м0 ABV-1ICr at 170 steed at 
‘Operation HB 285 HB нв 3»Hb 
Turning 
High-speed steel .. 25 ve 32 54 
Carbide .......... 31 16 18 59 
Milling 
High-speed steel .. 25 16 37 a 
Carbide .......... 88 20 5 83 
Drilling 
High-speed steel .. 42 7 al 2 


Source: Metcut Research Associates Inc. 
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Insert style....... see TNEX-333-21 
Depth of cut, mm (in... ... 0.38 (0.015) 
Cutting fluid. Dry 
Wear. mm (in. - 025 00.010) 
Notching, mm (іп) + 0,38 (0.015) 





9 Effect of cutting speed on tool life in turning 
9- Ф dual-phase sheet steels. Source: Ref 14 





requires high wear and deformation resis- 
tance. Coated grades, cermets, and ceram- 
ics are candidates for this type of operation. 

Workpiece Material Type. Whether a 
material is hard, soft and gummy, or diffi- 
cult to machine must also be determined. 
For example, the machining of soft and 
gummy low-carbon steel at moderate 
speeds requires a TiN-coated insert or a 
cermet to resist buildup at the cutting edge 
and to provide a good surface finish. 

The production volume (large or small 
scale, periodic or long-range production) is 
a third important consideration. For exam- 
ple, the machining of difficult-to-cut Inconel 
718 in large-scale production using whisker- 
reinforced ceramics will increase productiv- 
ity and lower cost. In small-scale produc- 
tion, conventional Al,O,-base ceramics 
may prove to be more economically justi- 
fied. 





Increasing strength 
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Fig. 10 Relationship among insert shape, strength, ond cost 





Surface finish, part geometry, and part 
tolerance should also be considered. For 
example, coated carbide inserts generally 
produce a better surface finish than un- 
coated carbides. 

Machine capabilities and limitations 
represent the final operation characteristic 
that must be determined. For example, old- 
er machines with poor rigidity and low 
horsepower cannot make effective use of 
advanced ceramic materials. 


Insert and Chip Groove 
Selection 

A variety of insert shapes, sizes, nose 
radii, and chip grooves are available for any 
machining operation. Proper selection is 
essential to optimize the operation for pro- 
ductivity and cost. The differences, as well 
as the advantages and disadvantages of var- 
ious geometry options, provide flexibility in 
determining the best choice. 

The shape of an insert determines its 
relative strength and cost, as shown in Fig. 
10. In general, the stronger insert has more 
available cutting edges and therefore can be 
more economical on a cost per index basis. 
However, the part geometry may limit the 
use of the desired insert shape. The general 
rule is to select the strongest insert capable 
of producing the required part configura- 
tion. 

Sizes and Nose Radii. The size of an 
insert is determined by the inscribed circle. 
The depth of cut should not exceed one-half 
the inscribed circle size, while the insert 
thickness should be at least four times the 
operating feed rate. Finally, the largest pos- 
sible nose radius should be selected. Larger 
radii produce better surface finishes, handle 
heavier feed rates, and strengthen the in- 
sert. 

Chip groove selection is almost as cru- 
cial as selecting the proper grade. The per- 
formance of the cutting tool is determined 
not only by the grade properties and coating 
type but also by a chip groove style that will 
allow better utilization of the machine tool 
through lower cutting forces, better chip 





handling and control, extended tool life, and 
lower machining costs. Modern numerically 
controlled machining operations put a high 
demand on reliable chip flow. Long chips 
cause interruptions of the machining cycle, 
a loss of productivity, and damage to the 
cutting tool and workpiece. Long chips also 
represent a personal hazard to the operator. 

Commercially available inserts with chip 
grooves are designed to produce acceptable 
chips throughout the widest possible range 
of feed rates and depths of cut while main- 
taining high edge strength. General recom- 
mendations are listed below for proper chip 
groove selection on carbide tools: 





* For general-purpose applications, select 
a chip groove that has its nominal feed 
range as near as possible to the intended 
operating feed rate. This will ensure ac- 
ceptable chips, predictable and reliable 
tool life, and a lower cost per index 

For heavy feeds/high material removal 
rates, select single-sided inserts. The im- 
proved rigidity and resultant higher effec- 
tive edge strength permit higher speeds 
and feeds while generating lower forces 
than double-sided inserts. In most cases, 
this will improve productivity 

For finishing or for low feeds and depths 
of cut applications, select a chip groove 
that produces a good combination of chip 
control, low cost per index, and reliable 
tool life 





. 


Edge preparation is a final consider- 
ation. This is the addition of a radius or 
chamfer to the cutting edge of the insert. 
Although the general rule for hones is that 
less is better, the toughness of the cutting 
tool material and the integrity of the insert 
cutting edge should be considered. A larger 
hone or chamfer gives additional protection 
against catastrophic failure by fracture, 
which results in the loss of all cutting edges. 

Ceramic edge preparation is even more 
crucial than that for carbide. The brittle 
nature of the material requires that special 
edge preparation or T-lands be used to 
increase their effective edge strength. As 








Table 3 Different types of ceramic edge preparation with recommended 


application 

















Operation Rake angle Chamfer. 
General purpose ...... 2. Negative 0.20 mm x 20° (0.008 in. x 20°) 
Finishing . . ss . Negative or positive 0.075 mm x 25° (0.003 in. x 25°) 
General purpose and milling. ..... Negative 0.15 mm x 30° (0.006 in. х 30°) 
Heavy гошаМпе......................-› Negative 0.38 mm х 25" (0.015 in. x 25°) 
Special.........- Negative or positive Special 
Width | Width | [Г 
X - X 
/ Angie уле 
Radius Radius | X. 


Special applications, fine finishing 


General-purpose grades, 


higher forces, negative rake angles 





indicated in Table 3, different edge prepara- 
tions are necessary, depending on the insert 
shape, cutting speed, feed rate, depth of 
cut, and required surface finish. 


Machining Economics 

The primary variables affecting machin- 
ing economics vary from operation to oper- 
ation. However, there are some factors that 
are important in optimizing the economics 
of any operation (Ref 17). 

The cutting speed is the most important 
factor in economical machining. Too slow a 
cutting speed results in poor throughput and 
an increase in overall production costs. Too 
fast a cutting speed can result in lower tool 
life with higher tool costs and more down- 
time. Somewhere between these extremes 
lies the optimum. 

Figure 11 shows production costs plotted 
against cutting speed. The optimum cutting 
range lies between the point of minimum cost 
and maximum production. The size of this 
range depends on the operation, the cutting 
tool material, and the material being ma- 
chined. Generally, cutting tool manufacturers 
supply the optimum cutting speed range for 
all grades in their grade handbooks. 
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Machining of Cast lrons* 


CAST IRONS vary greatly in machinabil- 
ity. For example, white irons, which are 
harder than glass. are extremely difficult to 
machine, while ferritic cast irons are among 
the easiest metals to machine. Between 
these two extremes lie the various commer- 
cial grades of gray, ductile, and malleable 
cast irons. 

The factors that influence machining, the 
selection of cutting fluid and cutting tool 
material, and comparisons of the machin- 
ability of different types of cast iron are 
included in the following sections. Addi- 





tional information on the machining of cast 
irons can be found throughout this Volume, 
particularly in the 





ctions "Cutting Tool 

and “Traditional Machining 
^ and the preceding article  Ma- 
Test Methods." 


Effect of Microstructur 
on Machinability 


The machinability of iron relates specifi- 
cally to its microstructure. The shape of the 
graphite in the iron determines the type of 
iron, that is, gray, ductile, malleable, or 
compacted graphite. The presence of graph- 
ite provides the free-machining characteris- 
tic of iron, and the shape and amount of 
graphite establish the potential surface fin- 
ish obtainable with a cutting process and the 
necessary cutting force. The microstructure 
of the metal around the graphite determines 
tool life and establishes the most advanta- 
geous cutting speeds and feeds. 

An understanding of the influence of mi- 
crostructure on machinability can provide 
an insight into more efficient machining and 
the correct solution to problems without the 
influence of traditional opinions. Small vari- 
ations in microstructure can make a differ- 
ence in machining that would be very sig- 
nificant in high production. Brinell hardness 
is an indicator of machinability because 
hardness is primarily dependent on micro- 
structure, but hardness alone is not consis 
tent as a measure of machinability. Gray. 
ductile, and malleable cast irons are typical 
of materials for which hardness testing is 
used to assess machinability. A preferred 
method is to combine hardness testing with 
a microstructure evaluation because some 
microconstituents that adversely affect ma- 
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chinability have only a minor influence on 
hardness. 

In the machining of cast irons, tool life 
and cutting speeds are directly influenced 
by microstructure. The grap! in iron is 
important to its free-machining characteris- 
tics, but tool life is dependent on the micro- 
structure of the matrix metal around the 
graphite. This is demonstrated by the test 
data shown in Fig. 1. The influence of the 
various matrix constituents on tool life is 
discussed below. 

Ferrite is the essentially carbon-free con- 
stituent that constitutes the entire matrix of 
fully annealed irons. With the exception of 
graphite, ferrite has the lowest hardness of 
any constituent in iron (Table 1). However, 
it is not as soft as the ferrite of low-carbon 
steel because the ferrite in iron contains 
silicon. The moderate hardening effect of 
the dissolved silicon gives ferrite a clean- 
cutting property. Silicon contents in the 
usual range of 1.0 to 3.0% have very little 
influence on tool life, but special irons with 


























higher silicon contents have reduced ma- 
chinability. High-silicon irons with 14% Si 


must be abrasively machined. 
Figure 2 illustrates the microstructures of 
typical gray cast irons and a white cast iron. 


"Portions of this article were adapted with permission from fron Castings Handbook. Iron Castings Society. 1981. 





Table 1 Hardness of cast iron 
microconstituents 





Knoop hardness, 





Micrconstituent 100 g load 
Graphite 15-40 
j 215-270 
300-390 

Steadite 600-1200 

Carbide 1000-2300 





As the percentage of ferrite decreases and 
the pearlite increases. the tool life obtained 
in such machining operations as turning, 
face milling. and drilling decrease: 

Figures 3 and 4 illustrate typical micro- 
structures of ductile and malleable irons. 
The annealed structures of both types have 
a matrix of practically all ferrite and can be 
machined at relatively high speeds compa- 
rable to those used for the machining of 
gray iron. 

Table 2 lists the cutting speeds that result 
in a 30-min tool life in turning for various 
microstructures of gray, ductile, and mal- 
leable cast irons. It is interesting to note 
that even though the 100% ferrite structure 
of ductile iron is 170 HB—considerably 
harder than the ferritic gray iron at 100 
HB—the cutting speeds for a 30-min tool 
life are comparable. 

Pearlite is the common constituent in 
irons of medium strength and hardness. It 
is composed of alternate plates of soft 
ferrite and hard iron carbide. The thick- 
ness of the alternate plates can vary from 
coarse to fine. The finer structure is stron- 
ger and harder and machines at lower 
speeds. The pearlite in iron provides the 
best combination of machinability and 
wear resistance. 

Martensite is the full-hard constituent 
that is formed in heat treating by quenching. 
It is unmachinable, but when tempered to a 
lower hardness, it will machine very well 
—how well depends on the amount of tem- 
pering. It is somewhat more machinable 
than pearlite of the same hardness. When 
martensite is tempered to a relatively low 
hardness, it forms a structure of sphe- 
roidized carbides in ferrite, which is next to 
ferrite in machinability. 

Acicular structures, including bainite, 
usually occur in alloyed irons or are ob- 
tained by a hot-quenching heat treatment. 
They are generally of intermediate hardness 
and are machinable with difficulty, a little 














Fig. 2 
graphite. Etched with nital. 100x 


less machinable than tempered martensite 
of the same hardness. 

Austenite is the principal constituent in 
the high-nickel gray and ductile irons that 
are nonmagnetic. Austenite is a relatively 
soft constituent and is comparable to ferrite 
in machinability. However, so types of 
Ihe austenitic irons contain sul nt chro- 
mium to produce chromium carbides in the 
microstructure. This reduces the machin- 











Fig. 3 
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Fig. 4 Microstructures of malleable irons. (а) Ferritic malleable ASTM 32510; ferritic structure. (b) Pearlitic 
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ability more than the increased hardness 
would imply. 

Carbides are extremely hard constituents 
whether they are plain iron carbides or 
contain alloying elements. When in the thin 
plates in pearlite, carbide can be readily 
sheared, but in larger particles in iron as a. 
separate constituent, carbides are very det- 
rimental to tool life. As little as 5% free 
carbides in the matrix structure has a signif- 





Microstructures of ductile irons. (c) 100% ferrite; 170 HB. (b) 50% ferrite, 50% pearlite; 207 HB. (c) 
Spheroidite; 265 НВ. All contain spheroidal graphite. Etched with nital. 500% 





malleable ASTM 48004; spheroidized structure. (c) Pearlite malleable ASTM 80002; spheroidized 
structure. All contain ductile graphite or temper carbon. Etched with nitol. 500x 
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Microstructures of gray irons. (a) 100% ferrite; 120 HB. (b) 50% pearlite, 50% ferrite; 150 HB. (c) Coarse peorlite; 195 HB. (d) Fine peorlite; 215 HB. (е) Pearlite 
plus steadite; 200 HB. (f) Peorlite plus carbide; 240 НВ. (g) Acicular; 263 HB. (h) White iron, peorlite plus carbide; 550 HB. All except white iron contain flake 


icant detrimental effect (Fig. 5). Carbides 
can be present at the edge of a casting 
because of very rapid solidification of the 
iron at this point. 

Steadite is a hard constituent that is 
formed by phosphorus in the iron. With a 
phosphorus content of less than 0.20%, 
there is no significant effect on tool life. At 
0.40% P, a detrimental effect on machinabil- 
ity can be evident in critical operations such 
as tapping. Higher phosphorus contents sig- 
nificantly reduce tool life. 

Mixed-matrix structures result in a tool 
life that is intermediate 10 those of the indi- 
vidual components, but the combined effect 
is likely to be somewhat less than a prorated 
amount. For example, a matrix structure 
with 50% ferrite and pearlite will probably 
produce a tool life that is somewhat less than 
the average to be expected with an entirely 
ferritic or pearlitic structure and an entirely 
pearlitic matrix of equivalent fineness. 


Machining Character 
of Gray Iron 


The machinability of most gray cast irons 
is superior to that of most other cast irons of 
equivalent hardness and to that of virtually 
all s The flake graphite introduces dis- 
continuities in the metal matrix, which act 
as chip breakers. The graphite itself serves 
as a lubricant for the cutting tool. However, 
economical cutting depends on more than 
inherent machinability. Difficulties in ma- 
chining gray iron can often be traced to one 
or more of the following factors: 











@ The presence of chill at corners and in 
light sections 

ө The presence of adhering sand оп the 
surface of the casting 
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Table 2 Effect of matrix microstructure on tool life 
































Cutting speeda — ile strength 
Material Matrix microstructure. Type of graphite mimin sim MPa ы 
Gray гоп... 100% Ferrite Flake эло RRO 108 15.7 
Coarse pearlite Flake 110 360) 241 35 
Fine pearlite Flake 105 340 310 45 
Acicular Flake 60 200 407 39 
Ductile iron 100% ferrite Spheroidal 250 810 483 70 
97% ferrite, W% pearlite Spheroidal 178 570 э! 77 
606 ferrite, 40% pearlite Spheroidal 130 430 E 84.7 
60% ferrite. 40% pearlite Spheroidal по 360) ы! 9з 
20% ferrite. 80% pearlite Spheroidal 75 240 6n 9125 
Ferritic malleable 
ASTM 32510 фы 100% ferrite Temper carbon 109 290 950 MS 
Pearlitic malleable 
ASTM 48004. Spheroidite Temper carbon 179 140 450 483 70 
ASTM 60003 Spheroidite Temper carbon 230 БЫ 280 452 м) 
ASTM 80002 Spheroidite ‘Temper carbon 280 х 260 690 100 


(a) Cutting speed lior 30 min toot life 





ө Swells, usually the result of soft molds 
* Shifted castings 
* Shrinks 


Chill at corners and in light sections is 
more likely to be encountered with small 
castings, with higher-strength irons, and 
with designs that have light sections in the 
cope or top of the mold. Most foundries 
control iron with a chill test that gives an 
indication of the tendency of the iron to 
form white or mottled iron in light sections. 
The iron can be treated with a small amount 
(0.5 to 2.5 kg/Mg. or 1 to 5 Ib/ton) of a 
graphitizing alloy such as calcium-bearing 
ferrosilicon or other proprietary inoculant, 
which effectively decreases chill. Inocula- 
tion to achieve control of the tendency to 
chill usually does not result in significa 
changes in the composition or the phys 
properties of the iron, although it does 
produce changes in the mechanical proper- 
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Fig. 5 Effect of carbides on the machining charac- 

9. 9 teristics of cast iron. Although carbides 


cause only a small increase in hardness, tool life is 
substantially reduced. 


ties. Light sections (5 mm, or Yis in.) usu- 
ally cannot be cast in gray iron of higher 
than class 25. Class 30 iron can be cast in 6 
mm (4 in.) sections. These values are dif- 
ferent for different designs, depending on 
how the casting is made and gated. lt is 
important to note that cooling in the mold at 
the time of freezing controls whether the 
iron will be gray, white, or mottled. If the 
thin section is in the drag or near the gate, 
the flow of hot metal heats the mold, thus 
decreasing the rate of cooling and enhanc- 
ing the formation of the gray iron. 

If chill is encountered. it is generally best 
to correct the trouble at its origin. It is 
usually uneconomical to anneal castings to 
remove chill because. in addition to heat 
treating for 2 h at 900 °C (1650 ^F) for 
unalloyed irons, recleaning may be required 
for removing scale. Distortion beyond tol- 
erance often occurs, and there are sacrifices 
in hardness and strength. 
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„ © Machinability of gray ond ductile irons 





Adhering sand can usually be removed 
by effective cleaning, but sand present as 
the result of penetration of the iron into the 
mold wall is extremely difficult to blast 
clean. This is a foundry defect that is best 
corrected at the source. Slowing the speed 
of machining and increasing the rate of feed 
is the best approach to salvaging castings of 
this type. Carbide tools are better than 
high-speed steel tools for resisting the ex- 
treme abrasion. 
wells are most troublesome in opera- 
tions such as broaching and in other setups 
tooled for high production. The additional 
metal often places an excessive load on the 
tool, which may chip or dull but not actually 
fail until some time after the troublesome 
parts have been machined. 

Shifted castings are similar (o swells in 
their action on cutting tools. Shifts or swells 
may also cause excessive tool loading if the 
locating points are affected, It is important 
to consider the positions of such locating 
points when designing the castings and to 
avoid indiscriminate grinding of locating 
points in the foundry cleaning room. 

Shrinks are rarely present, but can be 
troublesome when encountered in such op- 
erations as drilling. For example, the drill 
may tend to drift from its intended path to 
follow the shrink, which offers less resis- 
tance to the drill. Sometimes, a drill may 
break because it encounters a region of 
higher hardness. which is often associated 
with an area of shrink. Cast iron is the 
easiest metal to cast without internal shrink. 
Eutectic freezing is accompanied by expan- 
sion due to the precipitation of low-density 
graphite, which aids in obtaining internal 
soundness. 

Machining Data. Because machinability 
is compl it is difficult to evaluate it in 
tables. Criteria such as power per unit vol- 
ume in unit time are of primary importance 
in selecting a machine tool and the size of its 
motor. Machinability ratings based on tool 
life under standard test conditions are help- 
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в 8 Н E g 
i Soluble-oil mist & & 8 7 è 
& в 200 9 20 9 А e0j025 mmirevi эш 7 

| Feed, 025 mm/rev 040 mm/rev 0.40 mm/rev 
30 300 100 aol i "ут 100 
1 3 4 6 30 20 4060 100 1 2 46 10 20 4060 100 1 2 4 6 10 20 4060 100 
Tool life, min Tool life, min Tool lite, min 
(а) (Ы) (є) 
Composition % 1 
[mm Combined Total 

Mater Hardness, HR carbonid) carbonid) carbon. si Mn Р s Cu Ni 
Ferritic 60-45-10). . 159170 ИП 018 379 0.35 0.024 0.010 0.061 0.62 
Pearlitic 80-60-0365). ... 204-232 3.06 0.46 3.32 0.40 0.059 0.022 0.08 0.42 
Pearlitic 100-20-03(c). 229-248 266 0.70 336 0.84 0.058 0.018 0.44 0.08 








(a) Heat treatment: held at 885 °C (1625 °F) for 8 h, cool 
Th. uir cooled to 540 "C (1000 'F) und held for 4 h. Turn: 


o 690 7C (1275 °F), held for $ h, cooled to 425 ^C (800 °F) at. 
:voled. (с) Heat treatment: held at 540 "C (1000 °F) for 2 hi. furnace cooled. (di Based on analysis of material as received 





(100 ^F/h), doors opened, (h) Heat treatment: held ut 88$ "C (1624 °F) for 





Fig. 7 





Pearlitic ducti 


Effect of variables on relation between cutting speed and tool life for three ductile irons. (a) Ferritic ductile iron (60-45-10). (b) Pearlitic ductile iron (80-60-03). (c) 
‘on (100-70-03). For all three irons, the results plotted were obtained in turning test specimens (165 mm, or 61 in., outside diameter and 480 mm, 


or 19 in., long) in a 7.5 kw (10 hp) engine lathe equipped with a variable-speed drive motor, using C-2 carbide tools. Depth of cut was 2.5 mm (0.100 in.); tool life limit, 0.40 


mm (0.015 in.) flank wear. 


ful, but are not readily interpreted into the 
economics of machining. 

One method of demonstrating the effect 
on machinability of changing from one 
grade of iron to another is indicated in Table 
3, which is based on an experiment in which 
metal was removed from four types of gray 
iron using single-point carbide tools. For 
each type of iron, the cutting speed was 





Table 3 Machinability of gray iron 


varied until the removal of 3280 cm* (200 
їп.) of iron resulted in a 0.75 mm (0.030 in.) 
wear land on the tool. The values of cutting 
speed thus obtained serve as qualitative 
evaluations of machinability, but not as 
quantitative indexes. Optimum cutting 
speeds, tool materials, cutting fluids, feeds, 
and finish requirements must be studied for 
any given machine tool setup. Tool life is a 


























Tensile strength Cutting speedia) 
Microstructure ASTM class MPa ksi Hardness, HB mmin fimin 
Acicular iron. 50 407 EJ 263 46 150 
Fine pearlite, alloy. . 40 310 45 225 95 мо 
Ferrite (annealed)... 108 15.7 100 293 960 
Coarse nearlite. no alloy as ET 35 195 99 325 





ta) Cutting speed at which removal of 3280 cm" (200 in.) produced 0.75 mm (0.030 in.) wear land on single-point carbide tools 




















Table 4 Identification codes for 

cutting fluid types 

Code Na Type 

ü Dry 

І - Oils, light duty (general purpose) 

1 Oils. medium duty 

3, Oils, heavy duty 

4. Emulsifiable oils. light duty (general 
purpose) 

5 2 Emulsifiable oils. heavy duty 

6 =. Chemicals and synthetics, light duty 
(general purpose) 

7 Chemicals and synthetics, heavy 
duty 

8 г Specials, light dury 
0 honing oils 
81 chemical grinding fluids 
8? cutting Пойа for aluminum 
83 cutting fluids for titanium 

9 Specials, heavy duty 


90 honing oils 
91 cutting fluids for titanium 
92 biodegradable soluble oils 


Table 5 Cutting fluid 
recommendations for cast irons 


See Table 4 for identification of cutting fluid code 






































numbers. 
"Cutting 
fluid code 
Operation. Tool material 
Turningta) High-speed steel 4.6 
Carbide. 0.4.6 
Face milling . speed месі 4.6 
rbide 0.4.6 
End milling 
4periph: High-speed steel 4.6 
Carbide 0.4.6 
Drilling High-speed steel 4,6 
Carbide 0.4.6 
Reaming..... High-speed steel 4.6 
ride 4.6 
Tapping . igh-speed steel 4.6 
Surface grinding(b) . 3 4. бс) 





пу Single-point and box tools. (6) Horizontal spindle, reciprocat- 
table. (c) For cast irons over 400 НВ 








important factor because the machine must 
be stopped to change tools and the tools 
must be resharpened. The use of solid- 
carbide inserts or bits is one method of 
decreasing both machine downtime for tool 
changes and resharpening cos 

The greatly improved machinability ob- 
tainable in gray iron by annealing has been 
advantageous to the automotive and other 
industries for many ycars. Annealing is 
usually of the subcritical type, such as 1 h 
at 730 to 760 °C (1350 to 1400 °F). A cycle 
of heating to 785 to 815 °C (1450 to 1500 °F) 
and cooling at 22 °C/h (40 °F/h) to about 
600 °C (1100 °F) is sometimes used. These 
treatments graphitize the carbide in the 
pearlite and result in a ferritic matrix. 
Finding it uneconomical to graphitize pri- 
mary carbide, most users try to avoid 
obtaining it. Annealing for improved ma- 
chinability is most economical when the 
casting is small and thc amount of machin- 
ing is large. 

The annealing treatments described result 
in sacrifices in hardness and strength. A 
typical class 35 iron will be downgraded to 
about class 20 in strength by this treatment. 
In applications in which wear resistance is 
important (for example, cylinder blocks 
gray iron is not annealed, because of the 
unsatisfactory performance obtained with a 
ferritic matrix. 











Machining Characteristics 
of Ductile Iron 


In ductile (nodular) iron, the graphite is 
present as tiny balls or spherulites (not as 
flakes, as in gray iron), which serve the 
same useful purposes of chip breaking and 
lubrication in machining as for gray iron. 
Although ductile iron has considerably 
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200 — 250 300 350 400 325 655 985 1310 1970 3280 
800 — r—T T 100 | 
Coated e | 
oo 4 x 2, 
soo S Feed rate: 0.24 тиге 
оиро oil Depth of cut. 10mm | 
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f; (1:20) Rake angle -6 
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t | | 
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= 300 CBN 
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E Dry 10] 
= 200}— 4 
& SI— 4 
100 === 4 
SiAIOr 
50 75 700 125 3 
Uncoated carbide 
Cutting speed, m/min 
n Effect of cutting fluid on tool life when 1 1 
Fig. 8 "9 100 200 300 400 600 1000 


driling grade 32510 malleable iron with 
high-speed steels. Feed: 0.13 mmirey (0.005 in./rev). 
Depth of hole: 25 mm (1 in.). The drill life end point моз 
chosen to be 0.40 mm (0.015 in.) wear land or drill 
breakdown. 























Cutting speed, stm 
400 800 1200 1600 
SOT T T T "T 
а0[— — + —— — 
є 
Е 301— —- = 
2 Dry Soluble oil 
(1:20) 
Ше 
0 
100 200 300 400 500 


Cutting speed, m/min 


i Effect of cutting speed and cutting fluid on 
Fig. 9 ае when turning ferritic malleable iron. 
Feed, 0.25 mm/rev (0.01 in./rev). Depth of cut, 1.57 mm 
(0.062 in.). The tool life end point was chosen to be 0.04 
mm (0.015 in.) of uniform wear or 0.75 mm (0.03 in.) of 
localized wear. 


higher tensile strength than gray iron at the 
same hardness, the machinability of ductile 
iron is superior in some applications. The 
data in Fig. 6. obtained in turning tests using 
carbide tools, show the differences in ma- 
chinability at two different hardness levels. 
In the same series of turning tests, gray iron 
annealed to.a fully ferritic condition (100 

B; 108 MPa. or 15.7 ksi) had the same 


Cutting speed, m/min 


Fig. 10 Tool life diogrom for turning gray iron 


cutting speed for 3280 cm" (200 in.*) tool life 
(290 m/min, or 960 sfm) as fully annealed 
(ferritized) ductile iron (170 HB). This com- 
parison is not necessarily valid for machin- 
ing operations in general, because contrary 
results have been observed in drilling gray 
iron and pearlitic ductile iron at the same 
hardness. 

Machinability data arc given in the fol- 
lowing example. These data compare cut- 
ting speed and tool life for a ferritic ductile 
iron (grade 60) with two pearlitic ductile 
irons (grades 80 and 100) and show the 
effect of a spray cutting fluid on the machin- 
ing characteristics of the ferritic iron. 

Example !: Cutting Speed and Tool Life 
for Ferritic Versus Pearlitic Ductile Irons. 
The relation between cutting speed and life 
of grade C-2 carbide tools in turning one 
ferritic and two pearlitic ductile irons is 
shown in Fig. 7. Figure 7(a) shows thc 
relation between cutting speed and tool life 
for ferritic iron (grade 60-45-10), affected by 
the use and nonuse of a cutting fluid (a 2% 
mixture of soluble oil in water applied as a 
spray mist). Improved tool life was obtained 
with the use of cutting fluid at speeds above 
about 215 m/min (700 sfm) because of the 
ability of the fluid to reduce tool-flank build- 
up. Figures 7(b) and (c) show this relation 











for pearlitic irons (grades 80-60-03 and 100- 
70-03) as a function of feed rate. An in- 
crease in feed caused a decrease in tool life. 
These two pearlitic irons were machined 
dry 


Machining Characteristics 
of Malleable iron 


A frequently quoted general rule is that 
the machinability of malleable iron is 25% 
better than that of free-cutting steel. Al- 
though this rule applies to most applications 
of turning (the usual basis for machinability 
ratings), it does not necessarily apply to 
broaching or some other machining opera- 
tion. Data on the machining of malleable 
iron are few, probably because machining is 
seldom a problem, except when some diffi- 
culty arises because of surface variations. 
Pearlitic or decarburized structures at or 
just below the surface of ferritic malleable 
castings reduce machinability. 





Effects of 
Alloying Elements on 
Machining Characteristics 


With two principal exceptions, alloying 
elements affect the machining characteris- 
tics of cast iron largely through their effects 
on the relative stability of iron carbide and 
graphite in the microstructure. The excep- 
tions are phosphorus and tin. both of which 
affect the matrix. 

Phosphorus can have an adverse effect 
on the machinability of cast iron, When 
present in quantities above about 0.15%, it 
occurs as the iron-iron phosphide eutectic, 
steadite. Steadite may occur in the micro- 
structure independently in gray or ductile 
cast iron or in association with the carbide 
in white or mottled cast irons. The extreme 
hardness of steadite (Table 1) and its abra- 
sion resistance markedly reduce tool life in 
machining pearlitic iron. 

Although the presence of more than 
about 0.2% P causes a significant decrease 
in machinability, the decrease is structure 
sensitive and can be largely offset by con- 
verting the matrix in which steadite parti- 
cles are embedded from its normal (pearl- 
itic) condition to a relatively soft (ferritic) 
structure. In the latter, which can be pro- 
duced by using inoculants or by annealing, 
the soft matrix lacks the rigidity to force 
steadite particles into abrasive contact with 














Table 6 Comparison of metal removal rates of various cutting tool materials for gray cast iron machining 














[Speed — poe | [^ Depth of cut —, | Metal removal rate. 1 
Cutting tool material mis чт нуге, inire m i 55 in. min kgs тіп 
Al,O,-coated cemented carbideta) 6 1200 0.025 0.010 0.125 0.00005 18 0.03 46 
АҺОха) M « Is 3000 0.013 0.005 0.060 0.00003 10.8 0.02 28 
ALO, + TiC саналаа ошер 3000 0.025 0.010 0.060 0.00006 216 0.04 $5 
Si,N, based(b) —€— рие =: 5000 0.075 0.030 0.188 6.00091 337.5 0.65 863 


(a) Catalog recommended conditions, (b) Field data 
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Table 7 Nominal speeds and feeds for the turning of cast iron with single-point and box tools 





























1 Carbide tool. 1 
High-speed steel tool | | Uncoated р Coated > 
Speed, Feed. Speed. Feed, Speed, Feed, 
Depth of cut, ‘Too! material, mimin (stm) mmirey Tool material mimin mmirey Tool material 
Material Hardness, НВ Condition. mmni (т) ISO(AISD  Brazed Indexable (nirev) grade, ISO (C) (fm) (in.irev) grade, ISO (C) 
Ferritic gray irons 
ASTM A48: class 20 120-150 Annealed 1 56 (0.18 54. 200 20 — 025 к20, М0 290 018 —CK20. CM20 
SAE J431c: grade G 1800 10.040 (185) (0.00) — (M2. (650) 0.010) (950) (0.007) (CC-3) 
4 44 040 s 150 170 050 185 0.40 — CK20, CM20 
(0.1800 (145) (0.015) (500) (550) 00.020) (600) (6015) — (CC-2 
R Y 120 0.75 175 0.50 — CK20, CM20 
(06.3000 — (120 (400) — (450) 00.030) (575) 00.020) (CC-2 
16 M 100 по 10 * 





(4625) — d00 (325) (360) — (0.040) 





Pearlitic gray irons 





ASTM A48: classes 30, — 190-220 As-cast D зт os 59. 51ар 15 DS 018 160 0.18 
35, 40 (0.00) — (120) (0.007) (TIS. Mà2)a). 0370) (410) (0.007) (525) (0.007) 
SAB J43 le: grade G3000 4 з 040 59.510ар 90 105 — 040 15 0.40 
(9150 — (80 (0.015) (TIS. (300) — (340) — 0.015) (450) (0,015) 
[] 0 050 59. 76 м 075  K20, M20 105 0.50 — CK20, CM20 
4.3000 — (65) 40.0200 (TIS. МА2а) 0250) 0275) (0.030 (C-2) (390) (6.020) — (CC) 
16 17 075 59.510) 60 69 1.0 K20, M20 T 
40.625) — 055) (0.0300 (TIS. M42a) QUO) — (25) — (0.040) (C-2) 





Ferritie ductile irons 








ASTM А536; grades 140-190 Annealed 1 60 018 E 235 0% PI0, MI0 — 290 025 — CPI0, CMIO 
00-40-18, 65-45-12 (0.040 — (200) (0.007) (00 — 775) (010) (С.7) (950) (0.010 — (CC-D) 
SAE J434c: grades 4 46 — 0.40 170 IRS — 0.50 — PIO. MIO 0.50 — CPI0, CMIO 
D4018, D4512 (0.1500 (10) (0.015) 4550) (600) (C7) (775) (0.020) (CC) 

8 з 0.50 135 150 р20, М20 200 0.7 СР20, СМ20 
40.300 (125) (0.020) 4450) (500) (C-6) (650) 40.080) — (CC-6) 
16 №0 075 110 mo 10 P30, M30 s sem 


40.625) — (100) (0.030) 4360) — (400) — (0.040) (C-6) 





Ferritic-pearlitie ductile irons. 





ASTM AS36; grade 190-225 — Asccast 1 B 0.18 145 165 0.25 PIO MIO — 215. 025 — CPI0, CMIO 
80-55-06 40.040) — (140) (0.007) (480) (540) — (0.010) (C7) (00) (0.00 — (CC) 
SAE J434c: grade D5506 4 M 040 А Hs 130 — 0,50 PIO MIO 170 050 — CPIO, CMIO 

40.1500 — (110) (0.015) — (M2. М5) (375) 0425) (0.020) (C (550) (0.020) 
х 26 0.50 S4, 55 95 105 075 P20. M20 135 0275 
40.300 (з (0,0000 (М2, M3 0310) BM 00.030) (C) (490) (0.030) 
16 2 075 54, 55 76 84 10 РА, M30 = ee 
40.08) — (C0) (0030 (М2. МУ) 0250) 1275) (0.040) (C6) 





Ferritic malleable irons 


ASTM A47: grades 10-160 — Malleablized D 580.18 54, 55 юз 5 025 PIU, MIO — 305. 018 — CPIO, CMIO 
32510, 35018 40.0400 — (190) (0.002) — (M2.M3) 0750) — (8) — (0.010) (C (1000) (0.007) — (CC-7) 
ASTM A602: grade 4 4A 040 S4. 55 175 190 — 0,50 РІ, MIO 245 040 СР, CMI0 
M3210 40.150) — (145) (0.015)  (M2.M3) — (579) 1625) (0.020) (C-7) (800) 40.015) (СС) 


200 0.50 СР20, CM20 
(650) (0.000 (СС) 





SAE JISR: grade M3210 к 37 0.50 54. 55 145 180 — 075 
40,3000 — (120) (0.0000 — (M2.M3) 0478) (мю) — (0.030) 

16 29 0.75 54. 55 15 no 10 
40.625) — 95) (0.030) — (MZ, M3) (375) — (400) — (0.040) 








Pearlitic malleable irons 














ASTM A220: grades 160-200 — Malleablized 1 40 018 160 їз 025 PIÓ, MIO 235 025 — CPIO, CMI0 
40010, 45006, 45008, and heat (0.040) (130) (0.007 (520) — (600) — (0.010) (С-7) (775) 010 — (CC) 
50005 treated 4 30 040 120 MS 050 РІО, MIO 185 040 CPIO, CMIO 

ASTM A602: grade (0.1500 — 100) (0.015) (400) — (450) 00.020) (C-7) (600) (0015) — (CC-) 
M4504, M5003 R 4 0.50 100 ns 075 P20. M20 145 0.50 — CP20, CM20 

SAE J158: grades (0.300) — (8 (0.020) (325) (75) — (0.030) (C6) (475) (0.0000 — (CC-6) 
M4504, M5003 16 20 075 79 90 10 P20. M20 kei E e 

10.625) — (65) (0.030) 260) (300) (0.040 (C-6) 

300-240 — Malleablized 1 30 01% 120 Bso 025 PIOQ,MIO 185 025 — CPIO, CMIO 
and heat 40.040) — (100) (0.007) (400) — (480) — (0.0100 (Cn) (600 40.010) — (CC) 
treated 4 23 040 90 105 — 0.50 — PIO,MIO 135 040 СРІЮ, CMIO 

40.100 — CS) (9.015) (300) (350) (0.020) (C (450) (0.015) — (CC-D) 
* Js 0.50 76 WS 075 105 0.50 — CP20, CM20 
40.4000 — (60) (0.020) (250) (280) 00.030) (350) (60000 — (CC-) 
16 15 0975 60 70 1.0 = . E 





40.05) — (50) (0.030) (200) (230) 00.040) 


là) Any premium high-speed steel сап be used. Source: Meteul Research Associates Ine. 
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Table 8 Nominal speeds and feeds for the turning of cast irons with ceramic tools 


























Depth of cut Speed = Type of 
Materia пишем, ни Condition. тт tiny | щш astm)! шты ceramic 
Ferritic gray irons 
ASTM А48: class 20 120-150 Annealed П 40.040) 610 (2000) 0.25 (0.010) CPA 
SAE J43 le: grade G1800 4 10.150) 460 (1500) 040 (0.015) CPA 
8 (0.300) 365 (1200) 0.65 10.025) CPA 
Vearlitic gray irons 
ASTM A48: classes 30. 35, 40 190-220 Aycast П 40.040) 460 (1500) 0.25 (0.010) HPE 
SAE J43 1c: grade G3000 4 (0.150) 305 (1000) 0.40 (0.015) HPC 
8 10.300) м5 (700) 0.50 40.020) HEC 
Ferritic ductile irons 
ASTM A536; grades 60-40-18, 65-45-12 140-190 Annealed П (0.040) 305 (1200) 025 (0,010) HEC 
SAF J434e: grades DAOIS, D4512 4 (0.150) 305 (1000) 0.40 10.015) HPC 
8 (0.300) 230 (750) 0.65 (0.025) HPC 
Ferritic-pearlitic ductile irons 
ASTM A536; grade 0-55-06 190-225 As-cast П 40.040) 335 (1100) 0.25 (0.010 HPC 
SAE J434: grade DS806 4 40.180 Ns (900) 0.40 (0.015) HPC 
8 40.300) 200 (650) 0.50 (0.020) HPC 
225-260 Avcast 1 40.040 275 (900) [0 10.005) HPC 
4 00.150) ВЫ (700) 0.28 (0,010) HPC 
х 10.300) 170 (550) 040 (0.015) HPC 
Ferritic malleable irons 
ASTM A47: grades 32510, 35018 110-160 Malleablized 1 40.040) 460 (1500) 925 (0.010) HPE 
ASTM A602; grade M3210 + (0.180) 365 (1200) 0.40 10,015) HPC 
SAB JIS8: grade M3210 8 (0.300) vs (900) 0.50 (0,020) HPC 
Pearlitic malleable irons 
ТМ A220: grades 40010, 48006. 45008, 50005 160-200 Malleablized 1 (0.040) 365 (1200) 025 (0.010) HPC 
ASTM A602: grade M4504, M5003 and heat 4 (0.150) 290 1950) 0.40 00.015) НРС 
SAE 3158: grades M4504, MS003 treated М (0.300) 230 (780) 0.50 (0.020) HPC 
tal CPA, cold-pressed alumina; HPC, hot-pressed АО ТС ceramic. Source: Metcut Research Associates Ine 





the cutting tools, and the adverse effect on. 
machinability is minimized. 

Tin. In contrast to the effect of phospho- 
rus, the addition of tin in small amounts 
(0.05 to 0.15%) to otherwise unalloyed gray 
iron increases machinability and tool life by 
reducing the range of hardness values 
throughout the castings and by eliminating 
hard spots and chilling at corners. 


Cutting Fluids 


Iron castings can be satisfactorily ma- 
chined without a cutting fluid, but the use of 
fluids for the machining of iron castings is 
increasing. Cutting fluids are in common 
use with modern production machine tools 
that provide high metal removal rates. Flu- 
ids are always used in production abrasive 
machining to achieve high metal removal 
rates. 

Three common functions of a cutting fluid 
are cooling, lubrication, and chip removal. 
A fluid is not necessary in the conventional 
machining of iron, except for some opera- 
lions such as drilling and tapping that are 
very confined and in which a fluid can help 
dispel a concentration of heat or chips. The 
improvement in drilling of malleable iron 
with high-speed steel and a coolant is shown 
in Fig. 8. A similar effect would be expected 
with ductile iron, but the use of a coolant is 
not as effective with gray iron. Because of. 
their graphite content, iron castings are free 








machining, have a relatively low power 
requirement, and form discontinuous chips 
without a breaker. However, with high 
rates of metal removal, both heat and chips 
can accumulate very rapidly so that the use 
of a fluid is advantageous in prolonging tool 
life, maintaining accuracy. and removing 
chips. The effectiveness of a coolant at very 
high cutting speeds with carbide tools is 
demonstrated by the comparative turning 
tests of malleable iron summarized in Fig. 9. 
In this test. a soluble-oil coolant doubled 
the tool life at a cutting speed of 275 m/min 
(900 sfm). Graphite dust that may be a 
nuisance in dry machining is also eliminat- 
ed. 

Iron may have two reactions with fluids 
that do not occur in the machining of steel. 
The flake graphite in gray iron has an 
affinity for oil and can actually extract oil 
from an emulsion. Therefore, the concen- 
tration of oil-emulsion cutting fluids 
should be monitored to maintain proper 
levels. Some gray irons and all ductile 
irons contain a small amount of alkaline 
metals such as calcium, magnesium, and 
cerium. The carbides of these clements 
can react with er to form acetylene, 
and the odor of this is sometimes evident 
when iron is machined. These elements are 
present in very small quantilies (a total of 
less than 0.1%), and only the alkaline 
carbides that are exposed on a fresh sur- 
face can react. The amount of gas formed 





























is infinitesimal, but it may be detected 
because of our extreme sensitivity to this 
odor. In dry machining, the humidity in 
the air may be sufficient to cause the faint 
odor of acetylene to be evident. 

Cutting fluids are divided into ten general 
types with subdivisions (Table 4). Specific 
recommendations for the various machining 
and grinding operations on iron are given in 
Table 5. Additional information can be 
found in the article "Metal Cutting and 
Grinding Fluids" in this Volume. 


Tool Materials 


With the exception of polycrystalline di- 
amond. all commercially produced cutting 
tool materials are used to machine cast 
irons. These cutting tool materials include 
high-speed steels, cast cobalt alloys. ce- 
mented carbides, cermets. ceramics, and 
cubic boron nitride. Each will be discussed 
below. More detailed information on these 
materials is available in the Section "Cut- 
ting Tool Materials" in this Volume. 

High-Speed Tool Steels. Molybdenum 
high-speed steels are frequently used to 
machine cast irons. For cast irons less than 
200 HB in hardness. molybdenum high- 
speed steels that do net contain cobalt can 
be used. For hardness levels exceeding 200 
HB. cobalt-containing grades should be 
used. Straight-tungsten high-speed steels 
are not commonly used on cast irons. High- 
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Table 9 Nominal speeds and feeds for the boring of cast iron with high-speed steel and carbide tools 































































































1 Carbide tool | 
High-speed steel foot — [ Uncoated 1с Coated i 
$ Feed, Speed, Feed, peed, Feed, 
Depth of cut, mimin mumirev Tool material, mimin (sfm)  mm/res Tool material m/min mmirev Tool material 
Material Hardness. HB Condition — mmn. (бм) бале) 150 (А150  Brazed Indexable (injrev) grade, ISO (C) (sfm) (n/rev) grade, ISO (C) 
Ferritic gray irons 
ASTM А48: class 20 120-150 Annealed 58 0.075 160 190 015 кію. MIO. 255 0075 СКІ, CMIO 
SAE J431c: grade G1800 (190) (0.003) (630) (6259) (0.0089 — (C3) — (840) (0.000) (СС-3) 
46 015 BO — 150 020 — K20.M20 205 013 CK20, CM20 
(150) (0.005) 4425) (800 10.0009 (С 1675) (0.008) (СС-2) 
35 030 98 < 040 к20. М0 130 030 CK20, CM20 
(115) (0.012) BW 0789 тз (CH (05) 10.012) (CC 
Pearlitic gray irons 
ASTM A48: classes 30. 15.40 — 190-220 3) 0.075 59.5104) 95 по 0075 — KIO. MIO 145 0075 CKI0, CMIO 
SAE 3431: grade G3000 (020) (0:003) (TIS, M42xa) 05) (360) 0.003) «С» (470) (0.003) — (CC) 
29 0113 75 жк ооз К20. N20. 115 0.13 CK20, CM20 
(95) (0.005) (245) 0290) 0.005 сз 0375) 10.005) (СС-2) 
w 0. 6? 73 030  KX.MO0 95 030 CKW, C! 
(0.1000 — (65) (0.012) оо) Q4» (002) ED 0915) 00.012) (С 
Ferritic ductile irons 
ASTM AS36: grades 60-40-18, — 140-190 — Annealed 025 60 ооз 54.55 178 200 015 РИ, MIO. 260 015 — CPOI, CM10 
65-45-12 (0.010) (200) (0.000) (M2. M3) — (S85) 46900 (0.000 С) (50 (0.000 — (COBY 
SAE Mc: grades D4018, 135 49 03 $4. 55 1$ 170 020  PI0.MIO 205 020  CPI0.CMIO 
D4512 40.050) — (160) (0.005) (M2. M3) (475) 4550) 00.008) (Сл 1675) (0.00809 — (CC-7) 
25 37 030 54. 55 10 BO 040 — P20,M20 170 0.40 СР20, CM20 
(0.100) (120) (0.012) (M2, М) 60) 425) (0019 — (C6) — (58) (0019 (СС-6) 
Ferritic-pearlitic ductile irons 
ASTM А536: grade 80-55-06 190-225 As-cast 025 43 0075 10 145 015 Рю, МЮ 190 0.15 СРІ0, CMIO 
SAE. 14%4с: grade D5506 40.010) — (140) (0.003) «00 470. (0.000 (CD) — (625) (0006) — (CC-7) 
125 M 013 98 IS. 020 — Р20, М0 150 020 — CP20, CM20 
40.050) — (110) (0.009) озо (375) (0.008) (Сб) (500) (0.008) — (CC-6) 
0.25 27 0.30 7% — 90 0.40 — P3. M3) 115 040  CP30 CM30 
(0.100) (99) (0.012) (255) (00 (0601 — (Có) — (75) (001) — (CC 
275-260 Ascast 025 30 0075 м 95 OIS РЮ. М0 120 0.15 CPIO, CMIO 
40.010) — (100) (0.00) (275)  GIS 10009 — (C) — (400) (6.000 (СС-7) 
125 4 013 Ia) 64 76 020 Р20. М20 100 0.20 СР20, СМ20 
40.0500 — (80) (0.005) (TIS, M42Ma) (210) (250) (0.008) — (C-6) (325) (0.008) (СС-6) 
25 18 030 59. 51а) — 50 — 59 — 0.40 — PX. M30 76 040 СРЗ0, CM30 
(100) — (60) (0.012) (TIS. M42Xa) (165) (195) 40.015) (Себ) 0250) (0015) — (CC-&) 
Ferritic malleable irons 
ASTM A47: grades 32510, 110-160 — Malleablized — 0.25 s8 0.075 54.55 IBS — 215 015 PIO MIO 265 0075 CPIO, CMI0 
35018 (0.010) — (190) (0.003) (6X) (700) 40.008 (С — (875) (0.00) (СС-7) 
ASTM A602: grade M3210 13$ 46 013 5 0170 020 Р20, М0 21$ 0,13 СР20, CM20 
SAE J158; grade M3210 4.050) (150) (0.005) 475). (560) с — (C-) — 0700) (0.005) — (CC) 
25 380.30 MS 135 040 — P30, M30 168 030 — CP30, CM30 
(0.100) (115) (0.012) (370) 4435) (00% (C6) (550) (0,012) (CC-6) 
Pearlitic malleable irons 
ASTM A220: grades 40010, 160-300 — Malleablized 0.25 40 0075 54,55 BS — 160 — 015 — POl.MIO 205 0.15 — CPOI, CMIO 
45006, 45008. 50005 and heat 00.010) — (130) (0003) (М2. МЭ) (450) (530) (0.006) (Св) (675) (0.000) — (CC-8) 
ASTM А602: grade M4504, treated 3 0.13 54, 55 no — 130 020 Р. MIO 170 020 — CPIO, CMIO 
M5003 1105) (0.005) (М2, М3) (360) (425) (0.000 (С (550) (0.008) (CC-7) 
SAE J158: grades M4504. 24 030 54, 5 82 95 040 Р20. М0 130 0.30 СР20, СМ20 
M5003 (80 (0.012) (M2, M3 0270) (315) боз сә (425) (0.012) (CC-6) 
200-240 — Malleablized 025 3) 005 54,55 10 — 10 015 PIO MIO 160 0.15  CPI0, CMIO 
and heat — (0.010) (100) (0.003) (M2. M3) (330) G% (06.000 — (C2) — (S2) (00060 — (CC-D) 
treated 135 % 013 54. 55 8&2 95 — 020 — PX.M20 130 020 СР20. СМ20 
(0:050) — (80) 10.005) (М2. МЗ) (C70) (315) (0.000 — (C4) — (425) (0.008) 
25 18 030 S4, 55 64 75 040 Р№.М0 95 030  CP30 CM30 
(0.100) (60) (0:012) (М2, МЗ) (210) (245) (00) сө (мз (0.012) (CCH) 


(0 Any premium high-speed steel can be used. Source: Melcut Research Associates Inc. 





speed steel tools are generally used in low 
cutting speed machining operations and for 
tools of a complex shape. and they are 
usually used in machining iron castings for 
end milling, drilling, reaming. tapping. 
broaching, and gear cutting. 


Cast alloy cutting tools are not widely 
used. These tools are usually made of a 
cobalt-chromium-tungsten alloy, and be- 
cause they are cast to shape. they offer 
some advantage in specially shaped form 
tools. They are more abrasion resistant than 


high-speed steel tools and are more resis- 
tant to chipping than carbides. 

Carbides. Expendable carbide insert 
tooling is the type most commonly used for 
cast iron. lt is most efficiently used in 
automatic machining systems. Sintered car- 
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Table 10 Nominal speeds and feeds (chip loads) for the broaching of cast irons with high-speed steel and 


carbide tools 




















Speed — Chip load — Tool material prade 
Material Hardness, HB Condition Lm tel omen into во Ас 
Ferritic gray irons 
ASTM A48: class 20 120-150 Annealed Й 30 9.13 0.005 S4, 52 M2, M7 
SAE Ј431с: grade G1800 46 150 0.075-0.13 0003008 — K20 с? 
Pearlitic gray irons 
ASTM А48: classes 30, 35. 40 190-220 As-cast 8 25 0.075 0.003 84, 52 
SAE J431c: grade G3000 46 150 0.075-0.13 0.003-0.08 К20 
Ferritic ductile irons 
ASTM А536: grades 60-40-18, 65-45-12 140-190 Annealed 8 25 олу 0.005 54. S2 M2. M7 
SAE J434c: grades D4018, 04512 
Ferritic-pearlitic ductile irons 
ASTM А536: grade 80-55-06 190-225 As-cast 8 25 0.10 0.004 $4, S2 M2, M7 
SAE 1434с: grade 05506 225260 Asccast 6 EJ 0.10 0.004 54. $2 М2. MT 
Ferritic malleable irons 
ASTM A47: grades 32510, 35018 110-160 Malleablized 9 30 0.10 0.004 54, $2 M2, M7 
ASTM A602: grade M3210 
Pearlitic malleable irons 
ASTM A220: grades 40010, 45006. 45008, 160-200 Malleablized 6 20 0.075 0.003 54. 82 M2, M7 
50005 and heat 

treated 
ASTM A602: grade M4504, M5003 200-240. Malleablized 5 15 0.075 0.003 S4, 82 M2. MT 
SAE J1S8: grades M4504, M5003 and heat 

treated 


Source: Metcut Research Associates Ine 





bides are also commonly braze welded to 
special toolholders. 

Eight general grades of carbides, from 
C-1 to C-8, have been established to identify 
carbide types of increasing hardness and 
decreasing chip resistance, The generally 
preferred C-grade for each machining oper- 
ation and type of cast iron is given in the 
tables of speeds and feeds for specific ma- 
chining operations that can be found at the 
end of this article. However, there are nu- 
merous carbide manufacturers. and each 
produces a variety of grades. Some produc- 
ers have several grades within each general 
C-grade classification, and each grade has 
individual characteristics that are suited to 
specific applications. The International Or- 
ganization for Standardization (ISO) car- 
bide classification is more detailed and has 
three general categories, P, M, and K. Each 
category has a number of individual grades. 
The article “Cemented Carbides" in this 
Volume provides a detailed classification. 

Micrograin carbides have recently been 
developed and possess outstanding strength 
and impact resistance. These tool materials 
provide an overlap between high-speed and 
conventional carbides. They can be used 
effectively in form tools and for interrupted 
cuts. 

The development of coated carbide in- 
serts has also improved cast iron machin- 
ing. Very thin surface coatings of titanium 
carbide, titanium nitride, or aluminum ox- 
ide are applied to a carbide base. Coated 
carbides have been especially effective in 
the milling of iron castings. The coating 














reduces flank wear and cratering so that the 
tool life or metal removal rate can be appre- 
ciably increased. 

Cermets are titanium carbide and titani- 
um carbonitride powder metallurgy mate: 
als. As described in the article "Cermet: 
in this Volume. these powder metallurgy 
products are used to turn and mill cast 
irons. Detailed information on the process- 
ing, composition, properties. and applica- 
tions of these materials can be found in 
Volume 7 of the 9th Edition of Metals 
Handbook. 

Ceramics are increasingly used to ma- 
chine cast irons, particularly by industries 
dominated by high-volume manufacture 
(such as the automotive and earth-moving 
equipment industries) in which high-speed 
(high-productivity) machining is critical. 
Speeds as high as 1500 тл (5000 sfm) 
have been achieved with ceramic cutting 
tools. Both alumina-base (Al,O;-TiC) and 
silicon nitride base (Si,N, plus sintering 
aids such as ALO,. Y,0,. and MgO) cutting 
tools are used to machine cast irons. 

At this point, on nitride base cutting 
tools have captured applications in cast iron 
machining that have previously been exclu- 
sively served by cemented carbide and alu- 
mina-base tools. In high-specd finishing and 
semiroughing applications, these tools, with 
their superior wcar resistance, outper- 
formed both Al,O,-base tools and Al.O;- 
coated cemented carbides. The capabilities 
of Si,N, cutting tools allow their use on old 
and new machine tools. By applying Si;Ny 
tools, reported maximum metal removal 


























rates in production exceed by far the pro- 
ductivity obtained with coated carbide or 
alumina tools (Table 6). 

Cubic Boron Nitride (CBN). Next to 
diamond, CBN is the hardest material 
known. With the use of CBN indexable 
inserts, the turning of white irons and high- 
nickel irons is possible: previously, these 
materials could only be abrasively ma- 
chined. Gray irons are also machined with 
CBN inserts. Machining parameters and 
applications related to the use of CBN for 
cast irons can be found in the article "Ul- 
trahard Tool Materials" in this Volume. A 
tool life curve comparing CBN, tungsten 
carbide, ап Al;O,-coated carbide, and 
SiAION (an Si,N,-base ceramic) for the 
turning of gray iron is shown in Fig. 10. 


Turning 


All of the common types of tool material 
are used in turning operations on cast irons. 
High-speed steel and cast alloy tools are 
generally purchased as solid bits: carbides, 
cermets, and ceramics are purchased as 
inserts. 

When using inserts, the size of the end cut- 
ting edge angle depends on the shape of the 
insert and the size of the lead angle. A square 
insert is generally stronger because it has a 
90° included angle nose; a triangular insert has 
à 60° nose. A square insert with a 15° lead 
angle also has a 15° end cutting edge angle. In 
triangular inserts. a 15° lead angle has a 45° 
end cutting edge angle, while a 0° lead angle 
has an end cutting edge angle of 30°. 
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Table 11 Nominal speeds and feeds for the planing of cast iron with high-speed steel and carbide tools 





























































































— High-speed steel tool Carbide tool 
momo peni Fen ты | peed. Fe, Todt materia! 
сш. mm mmin mmistroke material, mimin — mmístroke grade, ISO 

Material Mardness, HB. Condition. in.) чт) stroke) — ISO (AIST) (sf) (in./stroke) € 
Ferritic gray irons 
М A48: class 20 120-150. Annealed 0.1 21 ta S4, SS 7 fa) K10, M10 
SAB. M31c: grade G1800 (0.008) (70) «М2, М3) (238) (C-2) 
25 M 320 S4, 55 320 K20, M20 
40.1007 (80) (0.125) «м2. Мз) 00 (0.125) (C2) 
12 18 230 90 230 K30, M30 
10.500) (60) 40.090) (300) 00.090) (Cl) 
Pearlitic gray irons 
ASTM A48: classes 30, 35, 40 190-220 As-cast 0.1 u (a) 46 а) KI0, M10 
SAE J43}c; grade G3000 40.005) es (150) (C2) 
25 2 2.55 90 M20, P20 
(0.100) (a0 40.100) (300) (C-6) 
12 9 2.30 69 M30, P30 
(0.500) 0) (0.090) (225) (C-6) 
Ferritic ductile irons 
ASTM AS36: grades 60-40-18. 140-190 Annealed 0.1 18 (a) 69 fa) P10, M10 
65-45-12 40.005) (60) (225) (C-6) 
SAE J434e: grades 04018, D4512 2.8 2 125 76 2.05 P20, M20 
(0.100) (70) 40.050) (250) (0.080) (C-6) 
2 15 1.50 60 1.50 P30, M30 
(6.500) (50) (0.060) (200) 40.060) (C5) 
Ferritic-pearlitic ductile irons 
ASTM А526: grade 80-55-06 190-225 Asccast 9.1 14 (ay 58 w P10, M10 
SAE 14340: grade 05506 (0.005) as) (190) (C-6) 
25 7 1.25 73 2.05 P20, M20 
(0.100) (5 40.080) (240) 40.080) (C-6) 
12 n 1.50 ‚ 85 55 1.50 P30, M30 
10.500) (m 10.060) (M2,M3) 0180) (0,060) ( 
225-260 As-cast 01 8 (a) 54, 5: 30 (a P10, MIO 
40.005) 25) (100) (C6) 
25 и 135 ‚55 R 2.05 P20, M20 
(0.100) as" 40.050) (MMI 028) 40.080) (С-6) 
n 1.50 Ж 30 1.50 P30, M30 
(0.500) es (0.060) (M2, M3 — (100) (0.060) (C5) 
Ferritic malleable irons 
ASTM А47: grades 32510, 35018 110-160. Malleablized 0.1 18 (a) n w PIO, M10 
ASTM A602: grade M3210 40.005) (60) e (С-6) 
SAE J1S8: grade M3210 2 2 1.25 5 90 1.50 P20, M20 
40.100) es 40.080) М2. M3) (300) 40.060) (C-6) 
nR 15 1.50 54. 55 90 P30. M30 
(0.500) (50) 40.060) (м2, Мэр (30% (C-5) 
Pearlitic malleable irons 
ASTM A220: grades 40010, 45006, 160-200. Malleablized and 01 15 (а) $4.85 60 (a) P10. MIO 
45008. 50005 treated (0.005) (50) 3 (200) (C-6) 
ASTM A602: grade M4504. M5003 2 20 125 54, 55 73 1.50 P20, M20 
SAE 1158: grades M4504, M5003 (0.100) (65) 40.080) (M2,M3) 0240) (0.060) (C-6) 
12 14 1.50 55 58 1.25 P30, M30 
40.500) 5 (0.060) (M2, M3) — (190 (0.050) (С-5› 
200-240 slleablized and 9.1 n fa) 55 27 (а) P10, MIO 
heat treated 40.005) 35) M3) (90) (C-6) 
2.5 12 1.25 . SS эк 1.50 P20, M20 
40.100) (40) 10.050) My 01025 (0.060) (C-6) 
12 8 1.50 |. SS 30 123 P30, M30 
(0.500) es 16.060) .M3 190) (0.050) (C5) 


(a) Feed equals three-fourths the width of à square-nose finishing tool. Source: Metcut Research Associates Inc. 








For the best surface finishes, the usc of a 
1° end cutting edge angle combined with a 
1.5 mm (V6 in.) nose radius is recommend- 
ed. This combination is intended for shal- 
low finishing cuts (0.4 to 0.5 mm. or 0.015 to 
0.020 in., deep). 

The nose radius should be as large as 
possible to obtain optimum surface finish, but 


not so large as (o cause work deflection or 
chatter. Normal ins range from 0.4 to 
3 mm (Va to Ж in.). The finished part confi, 
uration often dictates the required shoul- 
der radius and consequently the nose radius 
to be used. When round inserts are used, the 
radius can vary from 5 10 16 mm (is to 
Ж in.). 











Rake Angles. High-speed stcel tools are 
provided with positive rake angles to obtain 
better cutting action at normal cutting 
speeds. Because these tool materials are 
much stronger than many of the carbides, 
they accommodate positive rake angles 
more easily. Most standard brazed carbide 
tools are ground with a 4 to 10° side or back 
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Table 12 Nominal speeds and feeds for the drilling of cast iron with high-speed steel and carbide drills 
































река), Feed(a), mmires (in./revi, at a nominal hole diameter of: Tool material 
шта  LSmm Jmm 6mm imm  i&mm 25mm 35mm —Sümm grade, ISO 
Material Hardness. HB Condition т) uim (ию) баш) dam] (аю аю) dm) im) —— (AlLorC) 
Ferritic gray irons 
ASTM A48, class 20 120-150 — Annealed 7 005 53 
SAE J43Ic: grade GI800 (0 — 00.001) 7, MD 
49 - 0.075 0.15 — 030 045 055 065 075 52, 5А 
(160) (0.003) (0.006) (0.012) (0.018) (0.022) (0.025) 10.039) (M10. М7. МІ) 
105 0075 015 0.30 045 OSS 065 — 075 кї 
(350) (0.003) 40.006) (0.012) (0.018) (04 (0.025) — (0.030) (C2 
Pearlitic gray irons 
ASTM A48: classes 30, 35, 40 190-220 Аксам 2з 0025 52, 53 
SAE J431c: grade G3000 (75) (0.001) (мї. M7, MI) 
29 - 0075 оз 030 045 оз 065 075 
(95) (0.003) (0.005) (0.012) (0.018) 10.022) (0.025) (0.030) 
69 0.075 013 030 045 055 065 075 
(225) (0.003) (0.005) (0.012) (0.018) 40.022) (0.025) (0.030) 
Ferritie ductile irons 
ASTM А536: grades 60-40-18, 140-19 Annealed 2% — 005 53 
65-45-12 (5) — (0.001) 7. MD 
SAE J434c: grades D4018, 35 0.075 0.15 025 033 040 Q5 065 S2, 53 
D4512 ais (01003) (0.006) 40.010) 40.013) 40.016) (0.021) (0.025) (MIO, М7. МІ) 
Ferritic-pearlitic ductile irons 
ASTM А536: grade 80-55-06 190-225 Ахсым 21 0.025 0.078 015 025 033 040 оз 065 82. 83 
SAE J434c: grade 05506 (700 .— (0001) (0.003) 10.006) (0.010) (0.013) (0.016) (0.021). (0.025) (M10, M7. MI) 
As-cast I5 0025 0080 ою OIR 05 00 040 045 59, ИНЬ) 
450) (0001) (0.002). (0.004) (0.007) (0.010) (0.0123) (0.015) (0.017) — (TIS, M42Wb) 
Ferritic malleable irons 
ASTM A47: grades 32510, 110-160 Malleablized 40 — 005 0075 015 025 оз — 040 0з 065 52, 53 
35018 (130) — (0.001) (0.008) (0.006) (0.0000 (0.013) (0,016) 10.021) (0.025) (M10, M7, MI) 
ASTM A602: grade M3210 
SAE 1158: grade M3210 
Pearlitic malleable irons 
ASTM A220: grades 40010, 160-200 — Malleablized and 0 0025. 0.075 015 — 025 033 — 040 — 053 бе 52, 83 
45006, 45008, 50005 heat treated (100) — 40.001) (0.003) (0.006) (0:010) (0.0013) (0.016) (0.021) (0.025) (MIO. M7, MI) 
ASTM А602: grade M4504, 
M5003 
SAE 1158: grades M4504. 200-240 Malleablized and 26 0.050 бю бз 025 030 040 045 52, $3 
M5003 heat treated (85) 40.002) (0.004) 40.007) 40.0100 (0.012) (0.015) (0.017) (M10, M7, MI) 





(a) For drilling deep holes with twist drills, reduce speed and feed as follows. If hole depth is three drill diameters, reduce speed and feed both by 10%, four diameters, speed hy 20%, feed by W^; five 
diameters. speed by 30% feed by 20%. (b) Any premium high-speed steel can be used. Source: Metcut Research Associates Ine, 





rake, depending on the direction of cutting 
and the style of tool used. As the hardness 
of the iron or the degree of surface rough- 
ness increases, rake angle is decreased. 

With expendable inserts, it is possible to 
select a positive rake, a negative rake, or a 
combination negative rake with a positive- 
rake groove. Tool costs vary, depending on 
which of these designs is selected. 

In addition to their cost advantage over 
positive-rake inserts, negative-rake inserts 
are much stronger and yield better results on 
workpieces that are of higher hardness or 
exhibit a scaly or uneven surface. Negative 
rakes are particularly effective in cutting the 
segmental, discontinuous type of chip that is 
characteristic of cast irons. In general, turn- 
ing operations should begin with negative- 
rake tooling, except for workpieces of certain 
shapes, such as those with thin walls, that 
require the use of positive rakes. 

Relief (clearance) angles for normal 
turning and facing tools of the 5° negative- 
rake type are 5°; the normal side clearance 
on 6° positive-rake insert tooling is 5°, with 
11° end clearance, and on brazed tools it is 





5 to 7°. If a positive-rake insert is placed in 
a neutral-rake holder (0° back and side 
rake), an 11° clearance angle is obtained. 
This is because the insert has an 11° angle. 
This combination is sometimes used in fin- 
ishing operations. Under these condition: 
the wear land does not develop as rapidly 
on a 5° clearance insert because the wear is 
spread over a larger area and therefore 
cutting or feeding pressure remains lower. 
Honing of Cutting Edges. To strengthen 
the cutting edges of carbide and ceramic 
tools, the entire cutting edge is sometimes 
lightly honed or rounded. This minimizes 
chipping or breaking of the tool edge. 
Speed and Feed. Among the major vari- 
ables that affect the selection of turning 
speeds and feeds are the microstructure and 
hardness of the casting and the type of tool 
material used. Nominal speeds and feeds for 
turning the frequently used grades of gray 
iron. ductile iron, and malleable iron with 
several types of high-speed steel and carbide 
tools are listed in Table 7. Table 8 lists speeds 
and feeds for turning with ceramic tools. As 
described in the article "High-Speed Machin- 























ing" in this Volume, speeds ranging from 900 
1o 1200 m/min (3000 to 4000 sfm) are common 
using ceramic tools. 


Boring 


General aspects of the machining methods 
of boring and discussions of the equipment, 
tools, and procedures used, together with 
examples of boring cast iron parts, are given 
in the article "Boring" in this Volume. Nom- 
inal speeds and feeds for boring the frequently 
used grades of gray iron, ductile iron, and 
malleable iron with high-speed steel and car- 
bide tools are listed in Table 9. 





When high-speed steel broaches are used, 
cutting speeds up to 9 m/min (30 sfm) are 
feasible for certain grades of cast iron; 
cutting speeds do not exceed 6 m/min (20 
stm) for most grades. With carbide broach- 
es, much higher speeds (up to about 45 m/ 
min, or 150 sfm) are attainable. 
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Table 13 Nominal speeds and feeds for the reaming of cast iron with high-speed steel and carbide tools 





















































T Roughing T — Finishing >= 
Ferdia), mairev Feedia), mmirey 
Speed, батон) at a reamer diameter of: — | Tool material Speed, y  — (ате, at a reamer diameter of Tool material 
Hard. mimin 3mm 6mm Imm 25mm 3mm SOmm grade ISO mimin 3mm 6mm 2mm 25mm 35mm Sümm grade, ISO 
Material mes. HB Condition т) xin.) din) (юл (Pim) (d САБ ог C) кіт) (Aim) (im) (im) (im) (Sim) Qin) (AISI ur C) 
Ferritic gray irons 
ASTM A48: — 120-150 Annealed 37 015 020 030 0.50 06% S3,94.82. 20 0.15 025 040 065 075 090 83,5 
class 20 (120) 00.006) (0.008) (0.012) (0.020) (0.025) (0.030) (МІ. M2, М7) (65) (0.006) (0.010) (0.015) (0.025) (0.030) (0.035) (МІ. 
SAE J431 60 015 020 030 050 0.65 0.75 K20 27 0.15 020 025 050 065 075 
grade G1800 4200) (0.006) (0.008) (0.012) (0.020) (0.025) (0.030) (С-2) (90) (0.006) (0.008) (0.010) (0.020) (0.025) (0.0800 (С-2) 
Pearlitic gray irons 
ASTM A48: 190-220 As-cast 27 043 015 0.25 040 0.50 0.68 53,54,52 12 033 020 030 0.80 0.65 075 53, 54. S2 
classes 30, (90) (0.005) (0,006) (0.010) (0.015) (0.020) (0.025) (МІ, M2. M7) (40) (0.005) (0.008) (0.012) (0.020) (0.025) (0.030) (M1, M2, M7) 
35, 40 Y 013 015 025 040 0.50 0.6 K20 20 015 020 030 050 065 0.78 Кор 
SAE J43c (120) (0,005) (0.006) (0.010) (0.015) (0.020) (0:025) (C-2) — (85) (0.005) (0.008) (0.012) (0.020) (0.025) (0.030) (С-2) 
grade C3000 
Ferritic ductile irons 
ASTM А536: 140-190 Annealed 21 010 015 025 040 0% 065 53, S4. S2 14 0.13. 020 030 0.50 065 075 82 
grades (70) (0.004)40.006) (0-010) (0.015) (0.020) (0.025) (МІ. M2, М7) (45) (0.005) (0.008) (0.012) (0.020) (0.025) (0.030) (МІ, M2. М7) 
60-40-18, 7 010 015 025 040 0.50 0.65 K20 18 0.13 020 030 0.50 0.65 0.75 K20 
65-45. (120) (0.004) (0.006) (0.010) (0.015) (0.020) (0.025) — «C-2) — (60) (0.005) (0.008) (0.012) (0.020) (0.025) (0.030) (C-2) 
SAE J434c 
grades 
D4018. 
D4512 
Ferritic-pearlitic ductile irons 
ASTM AS36: 190-225 As-cast 2 0.10 015 025 040 0.50 065 53. 54, 12 013 020 030 050 065 s 8 2 
grade (69) (0,004) (0.006) (0.010) (0.015) (0.020) (0.025) (МІ, M2. 440) (0.005) (0.008) (0.012) (0.020) (0.025) (0.030) (МІ, M2, M7) 
80-55-06 34 010 015 025 040 050 065 IS 0.102 0.15 0.25 040 0.50 
SAE J4Mc: (110). (0.004) (0.006) (0.010) (0.015) (0.020) (0.025) (50) (0.004) (0.006) (0.010) (0.015) (0.020) 
grade 05506 225-260 As-cast I8 0.10 0.15 020 030 040 050 $ 5 uo 0102 0.18 025 040 05 0.65 5: 
460) (0,004) 40.006) (0.008) (0.012) (0.016) (0.020) (МІ. M2, М7) (35) (0.004) (0.007) (0.010) (0.016) (0.020) (0.025) (МІ. M2, M7) 
30 010 015 020 030 040 0.50 K20 i4 0.102 0.15 020 0.30 040 0.50 K20 
4100) 40.004) (0.006) (0.008) (0.012) (0.016) (0.020) (C-2) — (45) (0.004) (0.006) (0.008) (0.012) (0.016) (0.020) (C2) 
Malleable cast irons 
ASTM A47: — 110-160 Malleablized 26 0.15 020 030 0.50 065 0.75 S3. S4. 17 015 025 040 065 075 090 53, 54,52 
grades (5). (0.006) (0.008) (0.012) (0.020) (0.025) (0.030) (МІ. M2. М7) ($5. (0.006) (0.010) (0.015) (0,025) (0.030) (0.035) (МІ. M2, M7) 
32510. 35018 43 0.15 020 030 0.50 0.65 0.75 K20 24 013 020 030 050 065 0,75 K20 
M A602: (140) (0006)00.008) 40.012) (0.020) (0.025) (0.030) — (C-2) 80у (0.005) (0.008) (0.012) (0.020) (0.025) (0.030) (C-2) 
grade M3210 
SAE 1158. 
grade M3210 
Pearlitic malleable irons 
ASTM A220: 160-200 Mulleablized 24 010 015 025 040 ою 0,65 53. 54.52 14 013 020 030 0.50 065 075 53, 54. 52 
grades and heat (0) (0.004) (0,006) (0.010) (0.015) (0.020) (0.025) (МІ. M2, М7) (45) (0.005) (0.008) (0.012) (0.020) (0.025) (0.030) (МІ, M2. M7) 
40010, 45006, treated — 4| 010 015 025 040 050 065 K20 її 013 020 030 050 065 075 к20 
45008, 50005 (135). (0,004) (0.006) (0.010) (0.015) (0.020) (0.025) — (C2) (70) (0.005) (0.008) (0.012) (0,020) (0.025) (0.030) (C2) 
E JISE: 200-240 Malleablized 18 010 015 020 030 0.40 0.50 53.54.5) и 0.102 018 025 040 0,50 065 53. 54, S2 
grades and heat (60) (0,004)40.006) (0.008) (0.012) (0.016) (0.020) (M1. М2, M7) (35) (0.004) (0.007) (0.010) (0.015) (0.020) (0.025) (МІ, М2, M7) 
M4504. treated 30 010 0.15 0.20 030 040 050 K20 18 0.102 0.15 020 030 040 0.50 K20 
M5003 (100) (0.004) (0.006) (0.008) (0.012) (0.016) (0.020) (C-2) (60) (0.004) (0.006) (0.008) (0.012) (0.016) (0.020) (C-2) 
ASTM A602: 
grade 
M4504. 
M5003 


tu) Based on four flutes for 3 and 6 mm CA and Va in.) reamers, six flutes for I2 mm (1^ in.) reamers, und eight futes for 25 mm 41 in. and larger reamers. Source: Metcut Research Associates Inc. 





Table 10 lists nominal speeds and feeds 
for broaching cast iron with high-speed steel 
and carbide tools. Face angles of about 8 to 
12° are recommended for the cutting teeth 
of broaches used on cast irons. Roughing 
teeth are usually given clearance of 2 to 3°, 
semifinishing teeth about 1°, and finishing 
teeth about 14°. 


Planing and shaping are principally used 
for the production of flat and angular sur- 


faces. The machines employed in these 
operations are designed to make straight- 
line cuts, and the cutting tools used in both 
operations are identical except for size. 
Tool Design. The principles that govern 
the shape of turning tools also apply to tools 
for planing (see the section “Turning” in 
this article). The amount of back rake and 
side rake provided depends on the hardness 
of the material, and the resultant rake and 
inclination should be negative. The end 
relief should be about 4 to 8° for planer tools 
because a planer tool is held about square 


with the platen, while a lathe tool, whose 
height and inclination can be varied, may 
not always be clamped in the same position. 
Illustrations showing the details of planing 
and shaping tools suitable for use on cast 
iron are provided in the articles “Planing” 
and "Shaping and Slotting" in this Vol- 
ume. 

Speeds and feeds for planing vary wide- 
ly, depending on the composition and hard- 
ness of the work metal and on the tool mate- 
rial used. Feed is also governed by the depth 
of cut, the nature of cut (whether roughing or 
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Table 14 Nominal speeds and feeds for the counterboring and spotfacing of cast iron with high-speed steel 


and carbide tools 
































Toot 
— Ferdia), mires (in.res). at a nominal hole diameter of: — mot 
Imm dmm 25mm 3mm Somm  Glmm TSmm grade, 10 
Material Hardness, HB. Condition. (rim) im "ш. 0.5 іа. (Zin) (2.5 ind өл.) (ASE or C) 
Ferritic gray irons 
ASTM A48: class 20 120-150 Annealed 0.15 0.20 0.20 0.20 0.25 0.25 0.30 0.30 54. 55 
SAE 24310: grade G1800 (2200 .— 40.006) 10.008) (0.008) (0.008) 10.0100 10010) (0.002) (0.0121. (M2, MV 
64 0.15 0.20 0.20 0.20 0.25 0.25 0.30 0.30 к 
Qi 40.006) — (0.008) — (0.008) (0.008) (0.010) 10.010) (0.0123 (0.012) (C2) 
Pearlitic gray irons 
ASTM А48: classes 30, 35, 40 190-220 As-cast 18 0.075 90.19 0.15 0.15 0.15 0.20 0.20 0.25 54. 5 
SAE 24310: grade G3000 (60) 40.003) — (0.004) (0.006) — 40.006) — (0.006) — (0,008) (0.008) — (0.010) (M2, M3) 
38 0.075 оло 0.15 0.15 ONS 0.20 0.20 0.25 KIO 
(125) 40.003) (0.004) (0.006) 0.006) (0.006) (0.008) 10.008) (0.010 (C-21 
Ferritic ductile irons 
ASTM А536: grades 60-40-18. 140-190 — Annealed 35 ою O18 015 оз оз ою 020 0225 54, 55 
65-45-12 ШЕ] 40.004) (0.006) 40.006) (0.006) (0,008) (0.008) (0.008 10.010) (M2, M3) 
SAE J434c: grades D4018, D4512 60 010 05 QOIS оз — 020 020 — 020 0.25 кю 
(200) 40.004) — (0.006) (0.006) — 40.006) — (0.008) (0.008) (0.008) — (0,010) (2) 
Ferritic-pearlitic ductile irons 
ASTM А536: grade 80-55-06 190-225 As-cast 26 0.075 0.10 9.10 0.10. 0.15 0.15 0.20 0.20 54. SS 
SAE J434c: grade D5506 (85) 40.003) (0.004) — (0.004) 40.004) (0,006) (0.006) (0.008) (0,008) (M2. M3) 
44 0.075 0.10 0.10 0.10. 0.15 OAS 0.20 0.20 к 
(145) 40.003) (0.004) (0.004) (0,004) 00.006) — (0.006) (0.008) — (0.008) (С-2) 
225-260 As-cast 20 0.075 оло 0.10 0.10 0.15 0.15 0.15 0.20 54. 55 
(65) (0.003› (0.004) — (0.004) — (0,004) (0.006) 10.006) (0.006) 10.008) (M2, M3) 
38 0.075 0.10 9.10 0.10 0.15 0.15 0.15 0.20 KIO 
(125) 40.003) (0.004) (0.004) — 40.004) — (0.006) — (0.006) — (0.006) — (0.008) (UM). 
Ferritic malleable irons 
ASTM А47: grades 32510, 35018 110-160 Malleablized 50 оз 020 өз 020 025 оз ою OW 54,55 
ASTM A602: grade M3210 (165) (бф) (0.008) (0.008) (0.008) (0,010) (0.010) (0.012). 00.012) М2. M3) 
SAE 1158: grade M3210 LÀ оз — 020 ою 020 025 025 030 — 030 K10 
(275) (0.006) — 40.008) (0.008) (0,008) (0.010) (0.010 00.012) (0.012) (C2) 
Pearlitic malleable irons 
ASTM A220: grades 40010, 48006. — 160-200 — Malleablized n 0075 010 — 010 0102 оз оз оз — 020 54.55 
45008, 50005 and heat C$) өз) 40.004) (0004) (0.004 (0.006) (0.006) (0.0060) (0.008) (M2, M3) 
ASTM A602: grade M4504, MSO03 treated 41 0:075 00 ою 0102 оз 015 015 020 Kio 
(035) — (0.003) 00.004) (0:004) (0.004) (0.0060. (0.006) (0.006) (0.00 — (C-2) 
SAE 1158: grades M4504, MS003 200-240 — Malleablized 18 0075 00 — 010 0102 015 оз оз 020 54,55 
and heat 460) — (0.003) (0004) (0.004) (0.004) 00.0062. (0.006) (0.006) (0.00) (M2, M3) 
treated. 35 0.075 9.10 0.10 0.102 0.15 9.18 0.15 0.20 KIO 
[EDI (0.003) — 40.004) — (0.004) — (0.004) — (0.006) — (0.006) — (0.006) — (0.008) (C-2) 
аа) Feeds are based on three futes for 6 mm (4 іп, ). four Mates for 12 to 62 mm (0.5 to 2,5 іп №, amd six flutes for 78 mm (3 in.) diameters. Source; Metcut Research Associates Ine. 
finishing), and the rigidity of the workpiece ening. Standard drills have a point angle of Tapping 


when clamped in position for machining. 

Table 11 lists nominal speeds and feeds 
for planing the frequently used grades of 
gray iron, ductile iron, and malleable iron 
with high-speed steel and carbide tools. 
Speeds for carbide tools are about four to 
six times those for comparable operations 
using high-speed steel tools; recommended 
feeds are the same in most cases. In shap- 
ing, rapid metal removal is of less impor- 
tance than in planing. Speeds and feeds are 
often restricted to values substantially be- 
low those used for planing because of limi- 
tations on power and rigidity, the generally 
smaller size of tools, and the higher fre- 
quency of interruptions in cutting. 








High-speed steel drills are widely used for 
drilling cast irons. Except for drilling out 
cored holes and gun drilling, carbide drills 
are seldom used because they cost much 
more than high-speed steel drills and re- 
quire more attention in handling and sharp- 





118° and a helix angle of 32°. Table 12 lists 
nominal speeds and feeds for the drilling of 
cast irons. 





Reaming 
Both high-speed steel and carbide-tip ream- 
ers are used for reaming cast irons; the latter 





are most often used in high production or for 
reaming the more-difficult-to-machine alloys. 
When carbide-tip reamers are used. chatter 
must be completely eliminated to avoid tool 
breakage. Table 13 lists nominal speeds and 
feeds for reaming the cast irons. 


Counterboring 
and Spotfacing 


Procedures and equipment for these two 
closely related machining methods are de- 
scribed in the article *Countersinking, Coun- 
terboring. and Spotfacing" in this Volume. 
Table 14 lists nominal speeds and feeds for 
counterboring and spotfacing the cast irons 
with high-speed steel and carbide tools. 














High-speed steel taps are recommended 
for tapping cast irons. These tools usually 
employ a rake angle of 0°, although a rake 
angle of 3 to 5^ is often preferred for tapping 
annealed material. Taps should be operated 
at the highest speed permitted by equip- 
ment, lubrication, and type of work materi- 
al. High speed not only increases produc- 
tion and thread accuracy but also results in 
longer tap life. Most tap breakage occurs 
because of insufficient speed. Table 15 lists 
nominal speeds for tapping cast irons with 
high-speed steel taps. 








The basic principles of the three general 
types of milling—face, peripheral (slab), 
and end—are discussed in the article 
“Milling” in this Volume. Equipment, tool 
materials. tool design. and operating condi- 
tions are also considered in that article in 
relation to the composition and hardness of 
the work metal. 
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Table 15 Nominal speeds for the tapping of cast iron with high-speed steel taps 



































1 | mimin (sim), al a pitch (threadsiin.) of: High-speed steel tool 

Material Hardness, HB Condition »3mm (7) 13-3тт (8-15) i-LSmm 016-24) -1mm (52) ‘material [SO (AISI) 

Ferritie gray cast irons 

ASTM A48: class 20 120-80 — Annealed "no o5 a €) B CS) 24 (80) $2.83 (MIO, M7. MI) 

SAE J431c: grade GIRO 

Pearlitic gray irons 

ASTM A48: classes 30, 35, 40 190- Asccast 5 а» э 00 E ч 1S 080) 52.53 (MIO, M7. MI) 

SAE J43e: grade G3000 

Ferritic ductile irons 

ASTM A536: grades 60-40-18, 65-45-12 140-19% Annealed 6 Q» 2 ш п (SS) 18 (60) 52,53 (MIO, M7, МІ) 

SAE J4Mc: grades D4018. D4512 

Ferritic-pearlitic ductile irons 

ASTM А536: grade 80-55-06 190-225 — As-cast 5 а 9 00 e uo T — d5 (M10. M7, МІ) 

SAE 1434c: grade [05506 32260 — Ascast з 00 ь 00 8 Qs) 9 00 (M10. M7, MI) 

Ferritic malleable irons 

ASTM A47: grades 32510, 35018 10-160 — Mallcablized * оу) m — d» т G8 I8 60 (M10, M7, МІ) 

ASTM A602! grade M3210 

SAE 1158: grade M3210 

Pearlitic malleable irons 

asm A220: ridés 40010, 43006, 45008, — 160-200 Mallcablized and $ Qn 9 BO 4 dS 5% (MIO, M7. М) 
heat treated 

ASTM е? grade M4504. M5003 200-240 Malleablized and 5 uS к 05 M" GS I2 (40 82,583 (MIO, M7. MD) 


SAE JI58: grades M4504, M5003 


Source: Metcur Research Associates Ine 


heat treated 








In the face and end milling of cast iron. 
either high-speed steel or carbide cutters are 
used, depending primarily on the nature and 
hardness of the work metal. Most peripheral 
milling of cast iron is done with high-speed 
steel cutters. Tables 16 and 17 list nominal 
speeds and feeds for milling cast iron. 


Grinding is a commonly used finishing 
operation for iron castings is character- 
ized by minimal stock removal. fine surface 
finish, and close dimensional tolerances. 
With the advent of high-horsepower grind- 
ing machines, the term abrasive machining 
has come into general use to describe grind- 
ing operations used for heavy stock removal 
as well as fine finishing. 

In all grinding operations, small chips of 
metal are removed from the workpiece by the 
mechanical action of randomly spaced grains 
of abrasive. These grains of abrasive can be 
bonded into wheels or blocks, bonded onto 
endless belts, or used loose. Two constituents 
in grinding wheels control their grinding a 
tion. These are the abrasive and the bond that 
holds the abrasive grains together. ‘These two 
components can be selected to provide a large 
number of operating characteristics for opti- 
mizing the grinding operation. 

The abrasives most frequently recom- 
mended for use on iron castings are silicon 
carbide and aluminum oxide, although cubic 
boron nitride is used in some applications. 
The most suitable specific grade of abrasive 
wheel will depend on the hardness and micro- 
structure of the casting. The most suitable 
process or type of machine is determined by 














the casting configuration, its finish and toler- 
ance requirements, the amount of metal to be 
removed, and production quantity. 

As mentioned earlier in this article, some 
cast irons are extremely difficult to machine. 
For example, high-silicon irons (14.5% Si) 
can only be abrasively machined. Various 
grinding operations carried out on cast irons 
are discussed below. Detailed information on 
grinding wheels, abrasives, and types of 
grinding equipment and operations can be 
found in the articles “Grinding 
and Processes" and "Superabrasives 
Volume. 

The horizontal-spindle surface grind- 
ing machine is primarily used for finishing 
flat surfaces. These machines can have ei- 
ther a reciprocating table or a rotary table. 
Frequently, they have fixtures or magnetic 
chucks to hold the work. On these ma- 
chines, metal is removed by the periphery 
of the grinding wheel. The reciprocating- 
table machine is the most common type of 
horizontal-spindle grinder. Surfaces ground 
on these machines have a scratch pattern 
parallel to the motion of the reciprocating 
table. Rotary-table machines produce a 
scratch pattern of concentric rings. Some 
machines are equipped with a tilting table so 
that they can produce either concave or 
convex surfaces with a concentric scratch 
pattern. Disks and wedges for large valves 
are often produced on this type of grinder, 
with the concentric scratch pattern serving 
to aid in seating of the valve. Table 18 
provides data on the surface grinding of cast 
irons. 

Vertical-spindle surface grinding ma- 
chines commonly have rotary tables. These 




















machines are used for high-production heavy 
grinding. Stock removal of 3 to 6 mm (V to 4 
in.) is common on parts with flat, unencum- 
ble, part: 
should be designed with flat, parallel surfa 
to accommodate this type of grinding. Dimen- 
sional tolerances of 0.05 mm (0.002 in.) and 
surface finishes of 0.8 jm (32 pin.) can be 
readily achieved in production applications. 
On this type of machine, metal is removed by 
contact with the circular face of the wheel, 
which can be either a single piece or a series 
of segments mechanically held in a chuck to 
form the wheel. 

The work is most commonly held by the 
magnetic table. Very large parts, which 
have only a small proportion of their total 
area in contact with the table, and very 
small parts may require supplementary 
blocking. Special fixtures are used for the 
production grinding of castings that cannot 
be held directly on the table. This method 
of grinding can usually produce finished 
surfaces more economically than milling. 
The possibility of grind finishing should be 
considered when cast components are be: 
ing designed. Bosses or pads having eleva- 
tions different from the main surface 
should be avoided if possible in order to 
take advantage of this low-cost machining 
process. 

Cylindrical grinding is used to abra- 
sively machine the outside diameters of 
round parts. In this type of grinding, 
stepped or multidiameter shafts are slowly 
rotated on centers while the grinding wheel 
traverses the part, with the periphery of the 
grinding wheel removing metal from the 
workpiece. 
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Table 16 Nominal speeds and feeds for the face mi 





ing of cast iron with 


high-speed steel and carbide cutters 
































































































= Carbide tool — 1 
High-speed steel tool г oae — — —3], — Coated 

Depth of. Feed, тый | Speed. Feed, Г ко. 

оша. Speed, mmitooth ^ material. min ifa mmvtooth Tool material Speed. "Tool material 

Material Hardness, HH — Condition mm (in) mimin fm) Gin tooth) ISO (AIL) Brazed Indewable (in.tooth) grade, ISO (C) mimin (sfin) grade, ISO (C) 

Ferritic gray irons. 

ASTM A48: class 20 120-150 — Annealed ! » 0.25 54. 52 190 A0 0.25 кї, M20 305 0.25 CK10. CM20 

SAE J43c: grade СТОЮ (0.040) 0235) 40.0000 (М2. М7) (630) (695) — (0.010) (C-2y (1000) (0.010) (CC-2) 

4 56 0.36 54. 52 145 160 040 K20. M30 205 0.36 CK20. CM30 
олш (185) — 0.014) (M2.M7) (475) (9S) (6015 (С? (05 wma (CC) 

8 44 0.45 84.82 100 125 0.50 као, M40 160 0.45 CK30. CM40 
(0.300) (145) (0.018) (M2. B35) (ао) (0.020) (C2 (525) (0.018) (CC-2) 

Pearlitic gray irons 

ASTM A48: classes 30, — 190-220 Аусам П у 020 54.52 140 155 оз КІ. М0 235 0.18 CM20 
35, 40 (0.040) (20) 0.008) (M2, М7» 465) (510) (0.008) (2) (775) (0.007) (C 

SAE J43 Ic: grade G3000 4 27 ою 59.52 ш — 17 ою — K3.M30 1% 025 — CK20, CM30 

(0.180 о (6012) (M2.M7) 0350) GN) ош» (С? 600 (0010) CC 
R u 0.40 Б 25 nm 0.40 K30, M40 120 036 CK30, CM40 
(0.300) (70) (0.016) (M2, М7) (245) OM (0.016) (C2) (0) (0,014) (CC-2) 

Ferritic ductile irons 

ASTM А516: grades 140-190 Annealed П 59 025 54,52 205 222 025 МР» 335 020 CM. CP20 
60-40-18, 65-45-12 10.040) (195) 0.010) (M2. M7). (665) (730) (0.010) (C-6) (1100) (0.008) (CC-6) 

SAK 1434с: grades 4 4 036 — 54.52 189 170 040 M30. PID 220 030 — CM30. CP30 
04018. D4512 (0,150) 0150) 00.014) (M2. M7) 4500) 0550) (0.015) (С-6) ШЕ] (012) (CC-6) 

х 35 049 54,52 105 130 ош MAO, PAO 1 040 Сма, CP40 
(00 um (0.008) (М2, М7) (350) 0450) (0.0201 (C-6) (560) (0.016) (CC-6) 

Ferritic-pearlitic duetile irons 

ASTM А26: grade 190-225 Ахкам 1 4 020 54.52 10 155 020 мур» 235 020 — CM20, CPW 
80-55-06 (0.040) — (14$) — 40.0080) (M2, M7) (465) (SIM 40.008) Се C65) ж (СС 

SAE J434c: grade 05906 4 M 030 — 8457 105 HS 030 M30. P3W 150 030 — CMM, CPW 

(0.150) — (10) — 00.012) (M2, М7) (350) G8 (0012) Се (00) — (012 (сс 
8 26 040 54.52 75 о 040 M40, PAO 120 040 — CMAQ, CP40 
(0.300) (85) (0,016) (M2, М7) (45) (300) (0.016) (C-6) (400) (0.016) (CC-6) 
225-000 Ахкам 1 35 020 5452 1208 D$ о  M20,P20 2% 0I& — CM20, CP20 
(40) — (159) — (0.008 (M2, М7) (400) (440) (0000) — (C) (6800 — (0.000) — (CC) 
4 27 030 5052 ә ю 025 — M3), P30 130 025 — ©M30, CP30 
юл» — 60) шз (M2, M7) (М0) (330) (6010) се 1425) — (0.000 — (CC) 
8 2 040 — 5552 м ож 036 мар 100 036 — OMA), CP40 
озо» (70 00.016) (М2, М7) (210) (255) (0014 — (Có) Q2) ой) — (CC) 

Ferritic malleahle irons 

ASTM A47: grades 110-160 Malleablized — | 100 025 5652 245 270 025 МР 395 030 СМ20, CP20 
32510, 35018 40.040) — (330) — 40.000 (M2, M7) (800) (M) 40010 (Се (000 — (6008 (CCA) 

ASTM A602: grade 4 76 036 — 54.52) 185 — 20 040 М30.р0 200 030 — CM30 CP30 
M3210 (0.150 — 050) (0.014) (M2, MD) (600) (660) шмш» — (C-) (RSS) (00D — (CC) 

SAF JI58: grade M3210 к 60 0.40 S4, 52 130 160 0.50 M40. P40 205 0.40 M40, CP40 

(0.300 — QU) 00.016) (M2, М7) 0425) 4520) 40000 (се (67) — 6000 — (CC) 

Pearlitic malleable irons. 

ASTM A220: grades 160-200 — Malleablized 1 53 0.20 S4, S2 150 170 0.20 . 250 0.20 CM20. CP20 
40010. 45006, 45008, and heat — (0.040) — (175) — (0,008) (M2. M7) (500) (580 00.008) Се зз шлюз (CC-6) 
50005 treated. 4 4! 0.30. 54. S2 15 125 0.30 M30, P30 165 0.30 M30, CP30 

ASTM A602: grade (0.150) (135) (0.012) (M2, М7) (325). (415) (0.012) (C-6) 40) (0.0121 (CC-6) 
M4504, M50003 8 32 0.40 54. 52 LU 100 0.40 M40. P40 130 0.40 M40, CP40, 

SAE J158: grades (0.300) (105) (0.016) (M2. М7) (264) (325) (0.016) (C) (425) (0.016) (СС-6) 
M4504. M5003 200-240 — Malleablized 1 a7 0.18 54.52 BO MS 0.18 M20. P20 215 O18 M20, CP20 

and heat (0.040) (120) (0.007) (M2. М7) (430) (4758) (0.007) (C0) (000) 10.007) (CC-5) 
treated. 4 z 0.28 54. 52 105 120 0.25 M30. P30 160. 0.25 CM30, CP30 
(0.150) (0) (0.0011) (M2. M7) (350› (400) — (0.0107 (CH) (528) (0.010) (CC-8) 
8 21 0.40 54.52 75 90 046 MAO, PAO 120 06 CM40, CAD 
(0.300) (70) 40.016) (M2. M7) (245) (30) — (0.014) (C (400) (0.0141 (CC-6) 


(a) Horsepower requirements should be checked on heavier depths of cut. Source: Metcut Reseurch Associates Inc. 





Cylindrical grinding can produce very ac- 
curate round parts. Dimensional tolerances 
of 0.01 mm (0.0004 in.) and surface finishes 
of 0.4 pm (16 pin.) can be achieved. 

When designing parts that will be cylindri- 
cally ground, it should be remembered that 
sharp shoulders are difficult to achieve on 





stepped shafts. Large fillets should be con: 
ered with loose tolerances on the radii. These 
will provide maximum economy in cylindrical 
grinding operations. Table 19 provides data 
on the cylindrical grinding of cast irons. 
Centerless grinding is a method of grind- 
ing the outside diameters of round parts 





without mounting the part between centers. 
Instead, the workpiece is supported on a 
work-rest blade between a nonabrasive reg- 
ulating wheel and the abrasive wheel. Metal 
removal is accomplished with the periphery 
of the abrasive wheel. If the workpiece is 
straight and has only onc diameter, the 





| 
| 
{ 
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Table 17 Nominal speeds and feeds for the end milling (peripheral) of cast iron with high-speed steel and 








carbide cutters 
























































T наверо steel tal — — — р — uti toot — 
Feed, mm/tooth (in. tooth) Feed, mm/tooth (in./tooth) 
Speed, at a cutter diameter of: , at a cutter diameter of: 
пута Dmm 12mm 18mm 25-SÜmm Tool material, mimm 10mm 12mm 18mm 25-50 mm 
Material Hardness, HB Condition ifm) бэш) (iim) (эю) (0-2imJ ISOA) (ыш (биш) (rin) баш) (1-2) 
Ferritic gray irons 
ASTM A48: class 20 120-150 — Annealed 0.5 55 0.025 0.050 0.13 0.18 54, 55.52 190 0.025 0.075 0.18 — 023 К20, M20 
SAE J431c: grade (0.020) (180) (0.001) (0.002) (0.005) (0.007) (M2, МЗ, M7) (625) (0.001) (0.003) (0.007) (0.009) (С-2) 
G1800 LS — 44 0.080 0102 0.15 020 145 0.080 013 023 025 
(0.060) (145) (0.002) (0.004) (0.006) (0.008) (480) (0.002) 00.005) (0.009) (0.010) 
diam4 37 0038 0075 013 0.15 120 0.0328 0:075 0.15 0.18 
(diam/4) (120) (0.0015) (0.003) (0.005) (0.006) (400) (0.0015) (0.003) (0.006) (0.007) 
Шат? 30 0.025 0050 00 013 MS 0:025 0050 013 0.15 
(diam/2) (100) (0.001) (0.002) (0.004) — (0.005) (375) (0.001) (0.002) (0.005) (0.006) 
Pearlitic gray irons 
ASTM A48: classes 190-220 — As-cast OS — 38 0025 0050 0075 010 S4.Ss.S2 120 0025 0.075 0.13 о К20, M20 
40.020) (125) (0.001) (0.002) (0.003) (M2, M3, М7) (390) (0.001) (0.003) (0.005) (0.007) (С 
15 29 0.050 0.075 0.10 90 0.0580 010 0.15 020 
40.060) (95) (0.002) (0.00) (0.004) (0.005) (300) (0.002) (0.004) (0.006) — (0.008) 
diam4 26 0.038 0.080 0.075 0.10 78 0038 0.075 013 0.15 
(diam/4) (85) (0.0015) (0.002) (0.003) — (0.004) (255) (0.0015) (0.003) (0.005) (0.006) 
diam/2 23 0.025 0.038 0.050 0.075 72 04025 0.050 010 0.13 
tdiami2) (75) (0.001) (0.0015) (0.002) — (0.003) (235) (0.001) (0.002) (0.004) (0.005) 
Ferritic ductile irons 
ASTM A536: grades — 140-190 — Annealed 05 — 38 0405 0.050 0.13 135 0025 0.075 0.18 — 023 P20, M20 
60-40-18, 65-45-12 (0.020) (125) (0.001) (0.002) (0.005) (04 (450) (0.001) (0.003) (0.007) (000) — (С-5) 
SAE J434c: grades 32 0.050 0.075 015 020 105 0050 0.13 023 025 
D4018, 04512 (105) (0.002) (0.003) (0.006) — (0.008) (345) (0.002) (0.005) (0.009) (0.010) 
26 0.025 00% 0.3 0415 90 0.038 0.075 015 0.20 
(85) (0.001) (0.002) (0.005) — (0.006) (295) (0.0015) (0.003) (0.006) (0.008) 
23 0.018 0.025 0.0 0413 *4 0.025 00% 0.13 0.15 
(75) (0.0007) (0.001) (0.004) — (0.005) (275) (0,001) 40.002) (0.005) (0.006) 
Ferritic-pearlitic ductile irons 
ASTM A536: grade 190- Asccast 32 0405 0050 0.10 015 — S4 SS.S2 115 0425 00% 015 — 0.18 Р20, M20 
80-55-06 (105) (0.001) (0.002) (0.004) (0.006) (M2. M3. М7) (375) (0.001) (0.002) (0.006) (0.00) — (C-5) 
SAE J434c; grade 27 0050 0.075 0.13 0.18 85 000 0.10 0 0.20 
D5506 1 (90) (0.002) 0.003) (0.005) — (0.007) (280) (0.002) (0.004) (0.007) (0.008) 
diam 21 0.025 0050 010 0,13 75 0.038 0075 0.13 0.15 
(diam/4) (70) (0.001) (0.002) (0.004) — (0.005) (245) (0.0015) (0.003) (0.005) (0.006) 
Чат? 18 0.018 0.025 0075 010 69 005 0050 010 0,13 
(diam/2) (60) (0.0007) (0.001) (0.003) (0.004) (225) (0.001) (0002) (0.004) (0.005) 
As-cast 05 27 0013 0.025 0050 00 54, 88 0.025 0050 013 0415 
(0.020) (90) (0.0005) (0.001) (0.002) (0004) (М2, (290) (0.001) (0.002) (0.005) (0.006) 
15 — 20 0025 0050 0475 0,13 69 0050 010 0.15 0,18 
(0.060) (70) (0.001) (0.002) (0.003) (0.005) (225) (0.002) (0.004) (0.006) (0.007) 
Фат 18 008 0.025 0.050 0.10 59 0034 0075 010 0.13 
(diami4) (60) (0.0007) (0.001) (0.002) (0.004) 4195) (0.0015) (0.003) (0.004) (0.008) 


diam2 15 0.013 
(йат) 


0.018 0.038 0.075 
(50) (0.0005) (0.0007) (0.0015) (0.003) 


53 0.025 0.050 0075 0.10 
(175) (0.001) (0.002) (0.003) (0.004) 





Ferritic malleable irons 


ASTM A4T: grades 110-160 — Malleablized 0.5 5$. 0.025 0.050 0.13 S4, 55, S2 
32510, 35018 40.020) (180) (0.001) (0.002) (0.005) (M2, мэ. N 
ASTM A602: grade 1.5 44 (0.050 0.102 015 
M3210 40.060) (145) (0.002) (0.004) (0.006) 
SAE J158: grade diam 37 0038 0.075 0.10 
M3210 (diam/4) (120) (0.0015) (0.003). (0.004) 


diam’? 
(diam/2) (100) (0.001) (0.0015) (0.003) 





30 0025 0.038 0.075 





(continued) 


(а) Depth of cut is measured parallel to the axis of the cutter. Source: Metcut Research Associates Inc. 








187 0025 0.075 023 — P20, M20 
(615) (0.001) — (0.003) (0,009) (C-5) 
145 0.050 — 0.3 0.25 
4470) (0.002) (0.005) (0.010) 

120 0.038 0.075 0.20 
4400) (0.0015) (0.003) (0.008) 


005 013 015 


115 0.025 13 5 
(0.002) (0.005) (0.006) 


(375) (0.001) 





workpiece traverses the abrasive wheel. 
This is known as through-feed grinding. 
When the workpiece has multiple diame- 
ters, the part is placed on the blade rest, and 
the grinding wheel is fed into the part. This 
is known as infeed grinding. Centerless 
grinding can produce a 0.5 шт (20 pin.) 
finish. Table 20 provides data on the cen- 
terless grinding of cast irons. 





Internal grinding is used to grind the 
inside surfaces of holes. When the hole is 
round, the workpiece is held in a chuck and 
rotated while the arbor-mounted abrasive 
wheel removes metal by peripheral contact. 
A surface finish of 0.2 to 0.3 uum (8 to 12 
pin.) can be attained with this process. 
Table 21 provides data on the internal grind- 
ing of cast irons. 





Abrasive Belt Grinding. Coated abra- 
sive belts are used to remove metal at a high 
rate. Iron castings are especially suitable for 
finishing with abrasive belts. Because the 
abrasive grains can be preferentially orient- 
ed and ideally spaced on the belt without 
influencing its strength, metal can be re- 
moved more efficiently with less heat by 
belt grinding than with an abrasive wheel. 
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Table 17 (continued) 












































T High-speed steel tool 11 Carbide tool} 
Radiat Feed, тилоо (in. Feed. ma tooth (in. tooth Tool 
depth of Speed, at a cutter . ala cutter diumeler af: material 
аша, ттш dmm 12mm Tool material, mimi 10mm Imm Imm 25-50 mm grade, 150 
Material Hardness, HB Condition mm dtm) (Ма, (iind 180 (АЫ, ism) Osiny (iny (айл, (l-2 ing e» 
Pearlitic malleable irons 
ASTM A220: grades 160-200 — Malleablized 0.5 43 0.025 0.10 0.15 54.55.52 130 0.028 0.075 0.13 0.18 P20, M20 
40010, 45006. 45008. andheat (0.020) (140) (0.001) (0.004) (M2.M3.M7) (425) (0.001) (0.003) (0,005) — (0.007) (C-5) 
50005 treated 15 3M 0.050 0.13 100 0.050 0.10 O18 0.20 
ASTM A602; grade (0.060) (110) (0.002) (0.005) (325) (0.002) (0.004) — (0.007) — (0.008) 
M4504. M5003 diam/4. 27 0.025 0.10 8S 0.038 0.075 9.10 0.15 
SAE J158: grades (diami4) (90) (0.001) (0,004) (0.005) (280) (00.0015) (0.003) — (0.004) — (0.006) 
M4504, M5003 diam’ 24 0.018 0.025 0.075 0.10 79 0.025 0.050 0.075 0.13 
(diam/2) (80) (0.0007) (0.001) (0.003) (0.004) (260) (0.001) (0,002) (0.003) (0.005) 
200-240 —Malleablized 05 M 0.025 0.080 0.075 0.10 54.55, 115 0.025 0.050 0.10 0.15 P20, M20 
andheat 40.020) (110) (0.001) (0.002) (0.003) (0.004 (M2.MX.M7) (375) (0.001) (0.002) (0.004) (0.006) С) 
treated 15 27 0080 0.075 010 — 013 5 0.050 0.075 013 0418 
40.060) (90) (0.002) (0.003) (0.004) (0.005) (280) (0.002) 40.003) (0.00%) — (0.007) 
diam/4 21 0.025 0.050 0.075 0.10 75 0.038 0.063 010 9.13 
(diam/4) (70) (0.001) 40.002) (0.003) (0.004). (245) (0.0015) (0.0025) (0.004) — (0.005) 
diam’? 18 0.018. 0.025 0.050 0.075 69 0.025 0.050 0.075 0.10 
(diam/2) (60) (0.0007) (0.001) (0.002) (0.003) (225) (0.001) (0.002) (0.003) (0.004) 
ta) Depth of cut iy measured parallel to the wis of the cutter. Source: Meteut Research Associates Inc. 
Table 18 Conditions for the surface grinding of cast iron—horizontal spindle, reciprocating table 
Wheel speed "Table speed — Down feedib) Cross feed — 71 Wheel 
Material Hardness, HRC Conditiona) en aee Шык ali d mmipass in. pass. mmipass in. pass identificationc), ANSI 
Way. ductile, and 45 max ACA, 28-33 5500-6500 15-30 50-100 К: 0.075 R: 0.003 1.25-12.5  0,050-0.800 — C36IV or A4GIV 
malleable iron Q&T. Е; 0.025 max Г: 0.001 max (Max: V/ of wheel 
МАТ, M width) 
45-52 ACA 0 28-33 55006500 15-30 50-100 R: 0.050 R: 0.002 135-125. 0,050-0.800 — C36IV or A46IV. 
QAT. F: 0.013 тах Р: 0.0005 тах (Max Y of wheel 
N&T. M width) 
48-60 ForlH —— 28-33 5500-6500 15-30 50-100 К: 0.050 R: 0.002 065-65 — 04905-0280 СА6НУ or A46HV | 
F: 0.013 max F: 0.0005 max (Мах: Yin of wheel | 


(QU A, annealed: A-C, as-cast: ОАТ, quenched and tempered: 
for wet grinding. For dry prinding. use а softer-grade wheel 





NAT: normalized and tempered: M. malleablizei: E. flame hardened: IH. induction hardened. (bi R. rough. F. finish. (c) Wheel recom 
ее the article ^ Grinding Equipment and Processes" in this Volume for wheel marking designations, Source: Metcul Research Амос 


width) 


























Table 19 Conditions for the cylindrical grinding of cast iron 
‘Traverse, wheel 
г Wheel speed — Work speed y —— lafeed on diameter(b) width per Wheel identificationich, 
Material Hurdness, HRC — Condition(a) ms мт mimin эт mmipass in.ipass revolution of work. ANSI 
Gray, ductile, and — 45 тах AC. кз 5500-6500 21-30 70-100 R: 0.050 R: 0.002 D CKV 
malleable iron Q& F: 0.025 max Е: 0.001 max [1 
NAT. M 
45-52 AC. A, кэз 5500-6500 21-30 70-100 — R: 0.050 R: 0.002 ^ СзаЈу 
QAT. F: 0.013 max Е: 0.0005 max w 
N&T. M 
48-60 For lit 21-30 70-100 — R: 0.050 R: 0.002 и своту 
Е:0.013 max Е: 0.0005 max LI 
(а) A, annealed; A-C, as-cast: Q&T. quenched and tempered; МАТ. normalized and tempered; M. malleablized: 17, flame hardened: IH. induction hardened. ib) R. rough: F, finish. (c) Wheel recommendations 





efor the wet grinding of 30-100 mm (2-4 in.) diam work. For dry grinding, usc a softer-grade wheel. For 








Research Associates Inc. 


larger-drameter work, use a softer andor coarser-grit wheel. Vor smaller-diumeter work, usc a 
tarder-kride wheel Wheel recommendations alse apply to plunge grinding applications. Sec the article ““Gnnding Equipment and Processes" in this Volume for wheel marking designations. Source: Metcut | 





The endless belts are run between a drive 
wheel and a contact wheel. The belt is held 
against the work by the contact wheel, and 
its hardness is selected to provide the de- 
sired cutting action. With a very rigid ma 
chine and adequate power, metal removal 
rates can be as high as 13 ст? per minute 
per millimeter of belt width (20 in." per 
minute per inch of belt width). Surface 
finishes under 1 wm (40 pin.) and tolerances 
of 0.05 mm (0.002 in.) in flatness are not 
difficult to produce. 


Honing and Lapping 


Honing is the usual method of finishing 
the cylinder bores of automotive engines. 
The process can be applied to the finishing 
of parts made from cast iron in any hardness 
range. although it is most widely used for 
the various grades of gray iron. The outside 
diameters of cast iron parts can also be 
finished by honing, but grinding is usually 
satisfactory and is less expensive than hon- 
ing. The machines, tools, and techniques 











applicable to the honing of cast iron are 
described in the article “Honing” in this 
Volume. 

Although there arc exceptions, silicon 
carbide is almost always used as the abra- 
sive in honing stones, and vitrified bond is 
the most common. The abrasive in stones 
for the honing of cast iron may vary from 
150 to 500 grit size, depending on finish 
requirements. A finish of 0.075 to 0.125 pm 
(3 to 5 pin.) can be produced on as-cast and 
hardened cast irons by stones having a grit 
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Table 20 Conditions for the centerless grinding of cast iron 


Machi 
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Wheel — In feed on diameteric) 
Materia Marines HRC Condition [ючю per prm ANS 
Gray, ductile. and 45 max AC. A, 2833 55800-6500 зз? 5010 013 R: 0.005 CA6LV 
malleable iron. Q&T. F: 0,050 max F: 0.002 max 
N&T. M 
45-52 A-C. A. 2833 5500-6500 1337 — 50-100 — R:0.13 R: 0.005 CSAKV 
Q&T. F: 0.038 max Е: 0.0015 тах 
N&T. M 
48-50 F or IH 28-33 5500-6800 1337 5040 — R:0.I0 R: 0.004 cev 
F: 0.025 max F: 0.001 max 


ial A. annealed: A-C. as-cast: Q&T. quenched and tempered: N&T 
traverse rutes, use a regulating wheel angle with à positive inclinat 
mm (63-24 1.1 diam work. For larger diameter work, use à sel 





‘normalized and tempered: M, malleablized: 
tion of 3° and a regulating wheel speed of 25 10 40 re 
er und 





lame hardened: IH. induction hardened. tb) As recommended starting conditions for work 
л. (€) R. rough: F, finish. (d) Wheel recommendations are for wet grinding 20-50 
oarser-grit wheel. For smaller-diameter work, use a harder-grade whecl. Source: Metcut Research Associates Inc 




















Table 21 Conditions for the internal grinding of cast iron 
3 SEEN "Traverse, wheel Wheel 
CS j [pee | раан width per revolution identification(c), 
Material Hardness, HRC Conditiona) mis sim mimin sim mmipass in. /pass of work. ANSI 
Gray, ductile, and 45 AC. А. 25-33 5000-6500 — 23-60 75-200 — R:0.050 R: 0.002 Ww С46ЈУ or A46KV. 
malleable iron Q&T. F: 0005 max Р: 0.0002 max V 
МАТ. M 
45 АС. А. 25-33 4000-6500 — 23-60 75-200 В: 0.050 R: 0.002 ^ C54IV or А60ЈУ 
Q&T. F: 0.005 max F: 0.0002 max. LÀ 
N&T. M 
4860 For lH 25-33 5000-6500 23-60 75-300 R: 0.025 R: 0.001 V C60IV or A601V 
F: 0.005 max Е: 0.0002 max Ye 
(a) A, annealed: A-C. м: Q&T, quenched and tempered: МЕТ: normalized and tempered: M. malleablized duction hardened. th) К. rough: F, finish. (c) Wheel recommendations 
are for wet grinding 20-50 mm 10.-2.0 in.) diam holes. For larger holes. use the same or softer-grade wheel. harder-grade wheel, Source: Metcut Research Associates Inc. 











size of 400 to 500. For a finish of 0.15 to 
0.225 рт (6 to 9 pin.), stones having a grit 
size of 280 to 400 are used. A grit size of 280 
will usually produce a surface finish of 0.375 
to 0.63 шт (15 to 25 pin.). 

In most applications involving the honing 
of cast iron, a range of surface finish is 
specified (as is usually true for automobile 
engine bores) rather than a maximum value. 
The most common ranges of specified finish 
can usually be accommodated by abrasive 
grit sizes of 150 to 300. Detailed information 
on the surface finish of cast irons due to 
various machining processes, including 
honing, can be found in the article “Sur- 
face Finish and Surface Integrity” in this 
Volume. 


Because most applications for honing 
cast iron require a specific lay pattern, 
honing speed is critical. The speed of rota- 
tion for the honing of cast irons with a 
hardness of 160 to 210 HB is usually 50 to 65 
m/min (160 to 210 sfm), which is decreased 
to 25 to 40 m/min (80 to 130 sfm) for work 
metal hardnesses of 50 to 65 HRC. A speed 
of reciprocation of 25 m/min (80 sfm) is 
common, although this may vary consider- 
ably, depending on the specified angle of 
crosshatch. The article ""Honing" in this 
Volume provides a formula for determining 
the crosshatch angle that will result from 
erent combinations of reciprocation and 
rotation speeds. However, in practice, the 
desired angle is more often obtained by trial 














and error. The most common procedure is 
to establish a rotation speed and then to 
vary the speed of reciprocation until the 
desired angle of crosshatch is attained. 

Acceptable results in honing cast iron 
depend greatly on a copious supply of lubri- 
cant at the areas being honed. Mineral seal 
oil is widely used, although higher-viscosity 
mineral oils diluted with kerosene and other 
lubricants are also used. 

Lapping with loose abrasive is not exten- 
sively used for finishing cast iron parts, 
mainly because the workpieces become 
charged with abrasive, which is difficult to 
remove. Matched-piece lapping is some- 
times used for the mating of cast iron parts 
such as valve components. 








Machining of 


Carbon and Alloy Steels 


M.E. Finn, Steltech, a subsidiary of Stelco, Inc. 


THE COMPETITIVE COST PERFOR- 
MANCE of machining steel is dependent on 
many factors, such as tool material, tool 
geometry, cutting velocity, cutting fluid, 
and tool/work support systems, as well as 
the properties of the steel workpiece. The 
workpiece mechanical properties influenc- 
ing machinability are hardness, yield 
strength, and ductility. These properties are 
controlled by the chemical composition and 
microstructure. Recent developments in 
primary and secondary steelmaking pro- 
cesses, such as powder injection, wire feed- 
ing, and argon stirring technologies, cou- 
pled with uniform temperature control using 
ladle reheat furnaces, permit the consistent 
production of standard and engineered steel 
grades. Modern ingot bottom pouring and 
continuous-strand casting methods also en- 
sure consistent as-cast microstructures with 
minimal segregation of the chemical ele- 
ments. Primary rolling mills and secondary 
cold finishing and/or heat treatment provide 
the final control of the microstructure and 
mechanical properties of the steel work- 
piece. 

The machining performance or machin- 
ability of carbon and alloy steel is a systems 
property. Nevertheless, an attempt is made 
in this article to isolate the influence of steel 
chemical composition and microstructure 
on the machining proces The first sec- 
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(0.012% C) steel. Ferrite (white) grains are 
surrounded by grain boundaries (black). Etched with 2% 
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tion of this article describes various micro- 
structural phases of standard carbon and 
alloy steels which influence machinability. 
The subsequent sections describe the ex- 
pected response of several traditional ma- 
chining operations, such as turning, drilling, 
milling, shaping, thread cutting, and grind- 
ing, to the microstructure of standard steel 
grades. The final section discusses emerg- 
ing technologies in nontraditional machin- 
ing processes, such as abrasive waterjet 
cutting. electrical chemical grinding, and 
laser drilling. 





Compositions and 
Microstructures of Steels 


Plain carbon and alloy steels arc classi- 
fied by their chemical composition. Each 
classification requires unique machining 
conditions recommended in the Machining 
Data Handbook (Ref 1). Matrix and second- 
phase variations of the microstructure will 
often require machining parameters differ- 
ent from those recommended. 

Plain carbon steels can be divided into 
three groups, depending on their carbon 
content: 





Fi p Ex 'earlite microstructure of high-carbon (0.95% 
19. 4 C) steel with ferrite (while) ond cementite 
(black) platelets. Etched with 4% picral. 500x 


* Low-carbon steel with less than 0.3% C 
(UNS grades G10050 to G10290) (Ref 2) 

* Medium-carbon steel with 0.3 to 0.6% C 
(UNS grades G10300 to G10600) 

* High-carbon steel with more than 0.6% C 
(UNS grades G10640 to G10950) 


The low-carbon steels consist principally 
of ferrite, a solid-solution phase of carbon 
dissolved in a-iron, a body-centered cubic 
crystal. Ferrite (Fig. 1) is the softest phase 
of steel, ranging in hardness from 150 to 200 
HK, or 136 to 185 HV (Ref 3). As the 
carbon content increases, there is an in- 
creasing amount of pearlite in the micro- 
structure of slowly cooled steel. Pearlite 
(Fig. 2) is a microconstituent consisting of 
alternate layers of ferrite and iron carbide 
(cementite), The hardness of pearlite is de- 
pendent on the lamellar spacing; coarse 
pearlite has a hardness of approximately 
250 HK (237 HV), while fine pearlite has a 
hardness of 350 HK (345 HV) (Ref 3). 
As-rolled medium-carbon steels consist of 
ferrite and pearlite (Fig. 3), with pearlite 
dominating in steels containing more than 
0.4% C (UNS grades G10400 to G10590). 

As-rolled high-carbon steels with more 
than 0.8% C have a pearlitic matrix with a 
cementite network (Fig. 4). Cementite is the 











Fi 3 Ferrite (white) and pearlite (black) micro- 
9. 9 structure of medium-carbon (0.4596 C) 
steel. Etched with 2% nital. 500x 














Fig. 4 evite colonies surrounded by cementite 
+ Ф network in high-carbon (1.0% C) steel. 
Etched with equal parts of 4% picral + 4% ital. 
1000x 

hardest phase of steel (1500 HK) (Ref 3). 
Air-cooled or as-rolled high-carbon steels 
have limited applications because of the 
hard and brittle cementite network. 

Heat treating can be used to transform. 
steel microstructures into bainite and/or 
tempered martensite in order to achieve 
different combinations of mechanical prop- 
erties, especially in medium- and high-car- 
bon steels. Bainite consists of ferrite and 
cementite in a feathery or acicular pattern in 
which the ferrite and cementite cannot be 
resolved with an optical microscope. The 
hardness of bainite will range from 45 to 60 
HRC (450 to 700 HV) and is dependent on 
carbon content and its morphology. Upper 
bainite (Fig. 5) is softer than lower bainite 
(Fig. 6). 

Martensite (Fig. 7) is another phase of 
steel that forms at lower temperatures by 
rapid cooling (oil or water quenching) 
Rapid cooling traps carbon in a body- 
centered tetragonal structure that is very 
hard (up to 65 HRC, or 840 HV) and 
brittle. Tempering generally reduces brit- 
lleness at the expense of hardness; the 








Fig. 7 lth mortensite in low-carbon (0.2% C) 
9- 7 steel. Etched with 8% No,S,0;. 500x 


5 Upper bli in UNS 43600 steel. Etched 
with picral. 500% 


higher the tempering temperature, the 
higher the toughness and the lower the 
hardness. Other solid-state heat treat- 
ments such as annealing, normalizing, and 
spheroidizing modify the microstructural 
phases and the mechanical properties. 
Most alloying elements dissolve in ferrite 
and/or combine with carbon as carbides to 
increase the hardness and strength of steels. 
Elements such as silicon, phosphorus, ni- 
trogen, nickel, and copper dissolve in ferrite 
to harden and strengthen steel. Other ele- 
ments, such as manganese, chromium, 
tungsten, molybdenum, vanadium, and tita- 
nium, dissolve in ferrite and also combine 
with carbon to form simple and complex 
carbides, which increase the hardness and 
wear resistance of as-rolled and annealed 
steels. Alloying elements also increase the 
hardenability (depth of hardness) of 
quenched-and-tempered steels. In general, 
at a given carbon content (Table 1), alloy 
steel has a greater influence on cutting tool 
wear than its plain carbon counterpart. As 
alloying content increases, the disparity in 
machining performance between carbon 
and alloy steel continues to increase. 
Microalloyed (high-strength low-alloy) 
steel is strengthened by the precipitation of 
the microalloying element as carbides, ni- 








Table 1 Standard alloy steels 


Principal alloying elements with 








UNS grade series approximate percentages 
GiSxx0, Gi3xx0 and 
Hi3xxx . Mn 1.3 and 1.7 


G40xx0 and HdüxxO ..... Mo 0.20 and 0.25 
G4lxx0 and Н41хх0 ..... Cr 0.5, 0.80, and 0.95, Мо 








0. 0. and 0.30 
G43:x0 and Н43хлх©..... Cr 0.50 and 0.80. Mo 0.25, 
and Ni 1.83 
[o - Mo 0.53 
G46xx0 and Há&cxü Mo 0.25 and 0.25 
Ni 0.85 and 1.83 





2. Mo 0.25 and Ni 3.50 

Cr 0.80, 0.88. and 0.93 

0.95 and 1.00 

Cr 0.60 and 0.95 

V 0.13 and 0.15 
- Cr 0,50, Mo 0.25. and Ni 0.55 
‚ Cr 0.50, Mo 0.35, and Ni 0.55 

00 


G48xx0 and H480 
G51xx0 and Н51хх0.... 


G61x0 and H6lxx0 


G87xx0 and H87xx0 
G88xx0 and HB8xx0 
G92xx0 and H92rx0 
GF93100 
G94cx0 





20. Mo 0.12, and Ni 3.25 
Cr 0.40, Mo 0.12, and Ni 0.45 












Fi 6 Lower bainite in UNS 43600 steel. Matrix is 
9. Ө intempered martensite. 500 


trides, or carbonitrides, which affect the 
grain (crystal) size and hardness of the 
microstructural phases. In general, microal- 
loyed steels require greater cutting forces 
than plain carbon steel with similar thermal 
processing. Cost performance improve- 
ments, however, can be achieved by sub: 
tuting a ferrite-pearlite microalloyed steel 
for a tempered martensite alloy or carbon 
steel, 

Smaller second phases or particles such 
as oxide and sulfide inclusions (Fig. 8) do 
not generally influence the type or distri- 
bution of the larger microstructural phas- 
es; however, under certain cond 
high melting temperature particles will in- 
duce crystal nucleation and will affect 











Fig. 8 Deformable manganese sulfide ond nonde- 
9. 8 formable oxide (MnOALO,) inclusions in 
os-rolled ond cold-drawn bars of UNS 121140 steel. 
Unetched. 900 
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Fig. 9 Titanium nitrides (E) in UNS 010800 steel 
9- '9 microalloyed with titanium and vanadium. 
Unetched. 270% 





grain size. Hard particles, such as alumi- 
na, silica, and titanium nitride (Fig. 9), are 
particularly harmful on cutting tool flank 
wear by abrasion. Soft particles, such as 
manganese sulfide (MnS) and frec-machin- 
ing additives (for example, lead and bis- 
muth), promote ductile fracture during ma- 
chining. Under certain conditions, soft 
particles of lead or MnS particles encapsu- 
lated with lead will lubricate the interface 
between the metal chip and the cutting 
tool. 


Machinability of 
Carbon and Alloy Steels 


The machining performance, or machin- 
ability, of carbon and alloy steel is influ- 
enced by its carbon and alloy content, mi- 
crostructure, amount of soft or free- 
machining particles, oxide inclusions, 
hardness, and work-hardening rate. A rea- 
sonable index for comparing the machining 
performance of carbon and alloy steels was 
published several years ago for turning op- 
erations (Tables 2 and 3). The reference 
steel, UNS G12120, has a I-h cutting tool 
life at 50 m/min (165 sfm) and was assigned 
an index of 100. All other steels had a 
cutting speed below or above 50 m/min (165 
sfm) under the same conditions, including 
the same high-speed steel cutting tools. It is 
doubtful that these ratings could be dupli- 
cated exactly today because of the recent 
advances in steelmaking and processing 
technology. The machinability index does, 
however, facilitate steel selection by rank- 
ing the relative machinability of a steel 
grade. 

The following sections and corresponding 
references in this article will assist engi- 
neers and operators in selecting steel, treat- 
ments, and conditions for maximizing the 
machinability of carbon and alloy steel 
workpieces. Emphasis is placed on the met- 
allurgical factors (microstructures, alloying 
elements, and free-machining additives) 
that influence steel machinability. Informa- 
tion on machining parameters, such as 
speeds, feeds, and depth of cut, can be 
found in Ref 1 and in the Sections ‘*Tradi- 








Metals and Alloys 


tional Machining Processes", "Grinding, 
Honing, and Lapping,’ and “‘Nontradi- 
tional Machining Processes" in this Vol- 
ume. In addition, the effects of high cutting 
speeds (2600 m/min, ог 2000 sfm) on the 
chip formation characteristics of steel are 
discussed in the article “High-Speed Ma- 
chining” in this Volume. Data pertaining to 
the selection and properties of tool materi- 
als and cutting fluids can be found in the 
Sections **Cutting Tool Materials" and 
“Cutting Fluids," respectively, in this Vol- 
ume. 


Turning Operations 


Turning of Low-Carbon Steels. The turn- 
ing and boring of steel cylindrical surfaces 
are steady-state processes in which there is 
continuous engagement of the cutting tool 
at a constant speed (V, Fig. 10) (Ref 4). 
After engagement, temperatures reach equi- 
librium, and there is very limited access for 
cooling or lubrication of the cutting tool/ 
metal chip interface. The depth of cut (d, 
Fig. 10) corresponds to the chip width, and 
the undeformed chip thickness is slightly 
less than the linear feed rate (f, Fig. 10). 
Facing, parting-off, and form turning of 
steel rods and bars are similar to turning and 
boring except that the surface speed dimin- 
ishes as the tool moves toward the center of 





' 
Depth of cut d 











Fig. 10 етай of turning operation. Source: 
* Ref 5 


the workpiece. The temperature gradient of 
the cutting tool and the chip will also dimin- 
ish slightly as the surface speed decreases. 
The chip (undeformed) thickness is propor- 
tional to the feed rate. 

The strain rates in turning low-carbon 
steels are extremely high, with very com- 
plex stresses in the deformation zones (Fig. 
11). These rates and frictional forces raise 
the temperature near the nose of the cutting 
tool (Fig. 12). The maximum temperature is 
reached at the rake face away from the nose 
before the chip lifts off (Fig. 12). Friction 
conditions and the thermal properties of the 
steel workpiece and cutting tool affect the 
partitioning of heat among the workpiece/ 
cutting tool/chip interfaces (Ref 4). A cut- 


Table 2 Machinability rating of carbon steels in turning relative to 


612120 at 50 m/min (160 sfm) 



















Hardness, Machinability Hardness, Machinability 

UNS pradeia) нв rating, % UNS grade(a) нв rating, % 
910050. 45 G1089 ......... - 197 45 
G10060 . 50 GI0499c) ....... . 187 55 
010080... 55 910500 .. 2197 55 
010100. s GI050c) . 189 55 
5 G10530 ... De 55 
55 197 55 
5 ete 52 
в 183 60 
610160 70 183 60 
G10170 65 безд). 187 60 
610180 70 610660 .. Ue 48 
G10190 70 GI0690 .. : 48 
610200 . 65 G10700(¢) . 192 55 
610210. 70 55 
G10220 . 70 48 
G10230 . 65 55 
010250 .. 65 45 
610260 . 75 45 
610290 6 45 
610300 . 70 45 
G10350 65 45 
G10370 65 45 
GI0380 . 65 90 
610390 6 85 
610400 . р] 70 
G10420 . 60 70 
G10420() 70 70 
G10430 . 60 80 
G10430(b) 70 75 
610450 . 55 65 
G10450(c 65 100 
910460 . 55 136 
G10460(c). 65 s 136 
6121140... 160 








(a) Unless otherwise indicated, all values are for as-rolled cold-drawn steels. (b) Normalized and cold drawn. (c) Annealed and cold 


drawn. (d) Spheroidized and cold drawn 
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UNS grade(a) 
GI300). . 179-235 3 
GI3350(b) .. 179-235 55 





























G13400(b) . 183-241 50 
GI3450(c) 183241 45 
G40120(c) . - s. 149-196 70 
G40230(c) s. 156-207 70 
G40240(c) . . 156-207 7: 
G40270(c) . 167-212 70 
G40280b) . . 167-212 75 
0403206) . 174-217 70 
G4037(b) . e 174217 70 
. 179-229 65 

. 179-229 65 

n 170-207 60 
G41300(b) . . 187-229 70 
G41350(b) .. .. 187-229 70 
G41370(0) . 187-229 70 
G41400(b) 187-229 65 
G4IL40(b), ott 85 
G41420(b) s+ 087-229 65 
G41450(b) .... . 187-229 60 
G41470(b) .... . 187-235 60 
G41500(b) . 187-241 55 
G41610d) . . 187-241 50 
043200). . 187-229 60 
634340004). 187-241 50 
G43400() . 187-241 50 
441990) . 170-212 65 
GA4220(c) . 170-212 65 
G44270(b) . 170-212 65 
646150с). 174-223 65 
0461706) . 174-223 65 
G46200c) . 183-229 65 
G46210(c) 183-229 60 
G46260(c; 170-212 70 
G47180(c) . 187-229 60 
G47200(c; 187-229 65 
0481500). 187-229 50 
G48 170(e) . ‚ 187-229 50 
G48200(e) . 187-229 50 
G50150c) . . 156-196 65 
95084000 174-223 65 
GSOB440(5] 174-223 65 
G50460(b) - 174-223 6 
174-223 60 

183-235 55 

170-212 55 








187-241 
. 179-229 
184—235 
184-229 
163-202 
. 163-202 
170-223 70 


(a) All ratings apply to us-rolled and cold-finished bars. (b) Microstructure composed primarily of lamellar pearlite and ferrite. (c) 
d) 


Microstructure composed primarily of blocky pearlite and bainite, as found in hot-rolled steels. ( 


) Microstructure composed primarily 


of spheroidized cementite. (е) Microstructure composed primarily of coarse pearlite resulting from subcritical anneal. (0) Microstructure 


not specified 





ting tool of low heat conductivity will local- 
ize heat in the interfaces or secondary shear 
zone. Generally, the greatest portion of heat 
is carried away by the chip. 

Metal removal during the turning of clean 
(desulfurized, low oxygen) low-carbon steel 
is by plastic shear and ductile fracture along 
a plane inclined to the direction of cutting. 
As the steel is progressively deformed, mi- 
crovoids begin to form at the ferrite grain 
boundaries and at any inclusions present. 
Microvoid initiation occurs because of the 
inherent deformation incompatibilities that 
exist between grain boundaries (also par- 
ticles, when present) and the ferrite grains. 
The increasing plastic strain promotes mi- 
crovoid growth. With continuing deforma- 
tion, crystal lattice damage accumulates to 
a critical value at which microstructural 
instability occurs, resulting in microvoid 








coalescence, microcrack formation, and 
finally ductile fracture. The fracture pro- 
cess in chip formation can be defined in 
terms of damage accumulation to ductile 
fracture (Ref 7). 

The shear, however, does not take place 
in an infinitely narrow plane (Fig. 13 and 
14). At low cutting speeds (lower than those 
recommended in Table 1.1 in Ref 1), chip 
formation is discontinuous, and seizure or 
sticking friction may occur, which causes a 
dead-metal zone and the nonsymmetrical 
shape on the cutting too] tip known as 
built-up edge (Ref 4), as shown in Fig. 11 
and 15. The built-up edge acts as an exten- 
sion of the tool, causing changes in part 
dimensions and rough-machined surfaces. 
The built-up edge is seldom stable (it fre- 
quently breaks off and re-forms); therefore, 
tolerance allowances on rough cuts do not 










Secondary 








Primary 
deformation 
zone 





Workpiece 


1 Deformation zones and stable built-up 
Fig. 11 cage. Source: Ret 6 


overcome undersize parts, At higher-than- 
recommended cutting speeds, the heat gen- 
erated is sufficient to localize shearing in 
the ferrite matrix, and the chip becomes 
continuous with an increase in cutting force 
and tool wear. 

Cold working increases the hardness of 
the ferrite and reduces the strain-hardening 
rate during metal turning. The chip length is 
shorter and the surface finish generally 
smoother because of smaller amounts of 
built-up edge when turning cold-worked or 
drawn low-carbon steel. Rephosphorized 
and renitrogenized low-carbon steels have 
lower strain-hardening rates than standard 
steels in the as-rolled condition, but in some 
turning operations, tool wear may be slight- 
ly greater because of the strengthened fer- 
rite phase. 

Higher sulfur levels (0.02096 S) also 
improve the machine turning characteris- 
tics of low-carbon steel. The sulfur com- 
bines with manganese to form deformable 
inclusions (MnS) that have low strength 
and low interfacial energy between the 
sulfide particle and the ferrite matrix. 
Therefore, lower strain rates are required 
to initiate microvoids at the MnS particle/ 
matrix interface. 

Rapid reheating of low-carbon steel to the 
austenitizing region with a short soaking 
time and quenching to a dual-phase struc- 
ture containing both martensite and/or bain- 
ite in the soft ferrite matrix may also im- 
prove machinability (Ref 9). The harder 
second phases and ferrite matrix reduce 
cutting forces and tool wear (Fig. 16) by 
initiating microvoids at the interface of the 
second phase and the ferrite matrix. In- 
creasing plastic strain during machining 
promotes microvoid growth, coalescence, 
and cracking in the shear zone. 

The overall machinability of as-rolled or 
annealed low-carbon steel improves with 
increasing pearlite content and with smaller 
ferrite and prior-austenite grain size. During 
turning of the pearlite-ferrite low-carbon 
steels, microvoids form at the interface of 
the pearlite and ferrite because of the inher- 
ent deformation incompatibilities that exist 
between the pearlite and the surrounding 
matrix. Machinability is enhanced by the 
initiation, growth, and coalescence of mi- 











(a) 


Fig. 12 


crovoids. Maximum machinability of low- 
carbon steels is achieved at 0.15 to 0.25% C 
in the as-rolled or annealed condition. 

Oxide inclusions that are hard and non- 
deformable cause excessive tool wear in 
machine turning. Even deformable sulfides 
containing oxides are abrasive to the cutting 
tool. Low-carbon steels decarburized in the 
steelmaking furnace with longer refining 
periods are prone to heavier oxide inclu- 
sions. Even though oxides are harder than 
the matrix, microvoid nuclea i 
after the oxide particles сга 
high strain rate deformation of machine 
turning. 

Turning of Medium-Carbon Steels. 
Metal removal during the turning of medi- 
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um-carbon steel occurs by both plastic 
shear and microcracking. These plain car- 
bon steels contain 40 to 75% pearlite. The 
cementite phase, which is hard and nonde- 
formable, causes microvoids in the shear 
zone that enhance metal removal. Surface 
finish is smoother on turned medium-car- 
bon than on low-carbon steel parts. Cutting 
forces and tool wear, however, increase as 
the carbon content of medium-carbon steels 
is increased. Cutting speeds should there- 
fore be reduced with increasing carbon (Ta- 
ble 1.1 in Ref 1). The increased amount of 
pearlite and the cementite platelets are abra- 
sive to the cutting tool. Annealing or normal- 
izing medium-carbon steel will improve ma- 
chinability by coarsening the pearlite. Coarse- 


Calculated temperature (°C) distribution in chip and cutting tool (a) and variation of temperature with cutting speed (b) using carbide cutting tool on UNS G10160 
steel. Ты: maximum temperature; Ty: tool chip interface temperature; Tsz: shear zone temperature. Source: Ref 4 


grain structures are also preferred for 
machining medium-carbon steel. 

Higher sulfur levels up to the maximum 
specified for medium-carbon steels (0.050% 
S) reduce cutting forces and tool wear. The 
sulfur combines with manganese to form 
MnS inclusions, which interrupt matrix 
plastic flow by creating microvoids and 
microcracks in the weaker planes contain- 
ing MnS (Ref 11). These microdefects prop- 
agate to enhance chip formation. Some steel 
producers may charge a premium for higher 
sulfur contents because yield during pro- 
cessing is reduced due to increased surface 
defects. 

Turning of High-Carbon Steels. As- 
rolled and air-cooled high-carbon steels. 








Fig. 13 


0.1 mm 


Section through quick-stop showing flow zone in 0.1% C carbon steel after cutting at high speed. (о) Low-mognification view. (b) Higher-magnification view of the 
lower left region of (a) indicated by arrow. Source: Ref 8 






Fig. 14 


contain 75 to 100% pearlite, with excess 
cementite in steels containing more than 
0.876 C. Cutting forces and tool wear are 
higher than those for medium-carbon steels 
because of the greater amounts of cementite 
in high-carbon steel. Therefore, lower feeds 
and speeds (Table 1.1 in Ref 1) are neces- 
sary to minimize tool wear. Metal removal 
occurs mainly by the microvoid-to-micro- 
crack sequence around the hard cementite 
platelets and grain-boundary network. Ma- 
chinability can be enhanced by heat treat- 
ing. Isothermal annealing or spheroidizing 
will agglomerate the cementite into larger 
platelets or spheroids, which reduce the 
number of fragmented, abrasive particles. 
Annealing isothermally to coarse pearlite 
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(b) 


(Fig. 17) reduces the amount of fine pearlite 
compared to full annealing (Fig. 18). 

Hardened high-carbon steels contain 
martensite and/or bainite, which are very 
hard. Tempering reduces hardness but 
increases toughness, and larger cutting 
forces are required to remove the steel 
during turning. Hardening treatments 
should be performed after the part is rough 
machined. 

Higher amounts of MnS in high-carbon 
steel will enhance machinability. However, 
most high-carbon steel applications require 
some toughness, which may be adversely 
influenced by increased sulfur levels. Care- 
ful consideration should be given to the 
component service loading before increas- 
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LA shear zone 


Secondary 
shear zone 
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Shear formation in steel. (a) Section through low-carbon resulfurized steel chip after quick-stop. (b) Scanning electron microscope montage corresponding to the 
region marked on the inset in (a) showing primary and secondary shear zones. Source: Ref 7 


ing the sulfur up to the maximum of 0.050% 
specified for high-carbon steels. 

Turning of Alloy Steels. In general, the 
addition of alloying elements to steel tends 
to raise the as-rolled hardness and shorten 
turning tool life. Lower feeds and speeds 
(Table 1.1 in Ref 1) are required to offset 
these conditions. Alloy elements strengthen 
and harden the phases of steel by increasing 
the hardness of ferrite and/or increasing the 
amount of carbide particles. Alloying ele- 
ments also change the solid-phase transfor- 
mation characteristics of the steel. Bainite, 
for example, may form upon slow cooling 
with sufficient alloying elements. A bainite 
matrix is of course harder and tougher to 
machine turn than ferrite and pearlite mi- 
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0.5 mm 


А Section through quick-stop showing built- 
Fig. 15 jj edge after cutting 0.15% C steel ot 
low speed in oir. Source: Ref 8 


crostructures. The machine turning of alloy 
steels can be improved by increasing the 
amount of sulfur (the amount of MnS) and/ 
or by full annealing or spheroidizing. 

Lean alloy steels, in the as-rolled or an- 
nealed condition, often behave more like 
their plain carbon counterparts than do the 
more highly alloyed types (Ref 13). For 
example, UNS G40230 may have the same 
effect on tool life as UNS С10220 and 
G10260, while the more highly alloyed 
G86200 has a greater effect on tool wear 
(similar to the effect of G10400 on tool 
wear). Algorithms for carbon equivalence 
are very useful for predicting the effect of 
alloy steel on tool wear when replacing 
plain carbon steel workpieces (Ref 12). 

Highly alloyed steels, like high-carbon 
steels, should be machined to finished di- 
mensions before hardening to martensite 
(Fig. 19). 

Turning of Free-Machining Steels. Free- 
machining additives such as lead and sulfur 
(as MnS) form soft particles that are large 
enough to enhance turning by forming inter- 
faces in the steel matrix. During the high 
strain of turning, microvoids form at the in- 
terfaces and continue to grow and coalesce 
into microcracks. Cutting forces are drastical- 
ly reduced (Ref 7). Under certain cutting 
conditions, the temperature in the secondary 
deformation/shear zone may be high enough 
to melt the free-machining additives to form a 
viscous film between the cutting tool and the 
steel, thus reducing friction. Therefore, faster 
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Fig. 16 Highspeed steel wear while turing UNS 
9. 10080 steel at 200 m/min (660 stm). 


Depth of cut was 1.9 mm (0.74 іп.), and feed rate was 
0.406 mm/rev (0.0160 in.). Source: Ref 10 


feeds and speeds (Table 1.1 in Ref 1) are 
possible when leaded carbon and alloy steels 
are used instead of the standard grades. Sur- 
face finish is also generally better for leaded 
free-machining steels than for the standard 
steels. 

Resulfurized steels (UNS grades 
G1 1xx0), which contain up to 0.35% S, have 
lower ductility and impact strength than 
plain carbon steels with the same carbon 
content (Ref 15). Nevertheless, these steels 
are used to make such components as auto- 
motive transmission gears, furniture wheel 
assemblies, and high-pressure hydraulic 
hose fittings. 

Rephosphorized low-carbon steels have 
better machinability than standard steels 
because the strain-hardening rate of thc 
ferrite phase is reduced by phosphorus ad- 
ditions. Generally, built-up edge is lower 
with rephosphorized steels, and the finished 
surface is smoother after turning. Under 
some machining conditions, however, the 
higher steel hardness may reduce tool life. 








" Fine pearlite of fully annealed UNS 
Fig. 18 616760 steci. Etched with pital. 2000x. 
Source: Ref 12 








" Coarse pearlite of isothermally annealed 
Fig. 17 s G10700 steel. Etched with nital 
2000x. Source: Ref 12 


Leaded  free-machining steel (UNS 
G12L140) combines the effects of three 
free-machining additives—lead, MnS, and 
phosphorus—in a low-carbon steel (<0. 15% 
C). Traditionally, ingot-teemed steel with 
high oxygen content (200 to 300 ppm) pro- 
moted globular MnS + Pb inclusions and 
produced the best machining of UNS 
GI2L140 grade. However, recent advances 
in continuously bloom cast steel technology 
have produced steel with equivalent ma- 
chinability (Ref 15, 16). Recommended 
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146 Spheroidized 
153 Spheroidized 
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187 Normalized and tempered 
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Effect of heat treatment on tool life while 
turning UNS 41350 steel. Feed: 0.2 mm/ 


Fig. 19 
rev (0.008 in./rev). Depth of cut: 2.0 mm (0.08 in.) 
Source: Ref 14 
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" Schematic illustrating typical cutting tool 
Fig. 20 ш Source: Ref 21 


speeds and feeds (Table 1.1 in Ref 1) should 
be used for UNS G12L140 grade steel be- 
cause higher cutting speeds generate too 
much heat and destroy the lead-base lubri- 
cating film. Cold-drawing UNS GI2L140 
grade will reduce tool life slightly, but will 
improve the surface finish. Cold-drawn or 
cold-finished bars are also straighter, more 
dimensionally accurate, and smoother (for 
example, scale free) than hot-rolled bars 
(Ref 15). Smoother machined surfaces are 
also obtained on renitrogenized UNS 
GI2L140 grade with a slight reduction in 
tool life. 

Bismuth, when added to steel, also forms 
insoluble particles in the solid state. Bis- 
muth can be used as an additive to UNS 
G12L140 grade and as a nontoxic substitute 
for lead in the same grade. According to the 
Bismuth Institute, bismuth is nontoxic and 
is used in various salt compounds às à 
suspension taken orally for gastrointestinal 
disorders (Ref 17). As an additive, bismuth 
combines with lead and provides more 
effective free-machining particles than lead 
alone. As a substitute, bismuth reacts in the 
same manner as lead and provides similar 
performance in turning (Ref 15, 18, 19). 

Selenium and tellurium are also effective 
in enhancing the machine turning of resulfu- 
rized steels. They promote the retention of 
globular manganese sulfides, which are 
more effective in initiating microcracks in 
the shear zone than elongated sulfides. Se- 
lenium or tellurium can be used to reduce 
the amount of MnS when higher mechanical 
properties are required. These additives 
combine with manganese to form inclusions 
analogous to MnS that act as free-machin- 
ing second-phase particles. 

As single or combined additives, lead, 
selenium, and tellurium are effective in re- 
ducing cutting forces during the turning of 
both plain and alloy medium-carbon steels. 


Machining of Carbon and Alloy Steels / 673 










































































05 T 0.020 
oh Aluminum | 4 
Tm са deoxidized ж ши 
É sz Е (1746-0) и] " 
aw SU 7 zx] Mu 5 
3 T Н 
" bá £L v4 ve T оов $ 
" Wear of the tool rake surface after cutting © Y ^. | ы 
Fig. 21 Gieren DN CK45 (UNS G10450) ag Calcium deoxidized 
steels. (a) CoSi-deoxidized steel. Cutting time, 100 min; 01 мем 0004 
crater wear ratio, 0. (b) FeSi-deoxidized steel. Cutting 4 
fime, 20 min; crater weor ratio, 0.28. Source: Ref 21 
0 0 


However, some mechanical property values 
may be reduced with these additions. 

Turning of Calcium-Treated Steels. 
Steels, especially high-carbon and alloy 
steels, deoxidized with calcium are general- 
ly less abrasive to the turning tool than 
steels deoxidized with aluminum or silicon. 
During deoxidation of the steel, calcium 
combines with these hard inclusions to form 
particles that are softer than alumina and 
silica. Calcium treatment modifies silicon/ 
manganese deoxized steels to form soft anor- 
thitic inclusions (CaO-ALO,:2SiO;), while 
calcium modifies aluminum-killed steel to 
form soft gehlenitic (2CaO-Al,0,'SiO,) and 
duplex calcium aluminate/calcium sulfide in- 
clusions (Ref 20, 21). In the latter case, the 
abrasive alumina inclusions are modified to 
calcium aluminates on which soft calcium 
sulfide can precipitate. The softer calcium- 
containing particles form interfaces with the 
matrix that are sites for microvoids during 
machine turnin, 

At high cutting speeds (160 to 250 m/min, 
or 525 to 820 sfm), the calcium-containing 
inclusions form a film over the carbide 
cutting tool that reduces crater wear by 
preventing direct contact of the cutting 
chips and the machined surface with the 
rake and flank of the tool (Fig. 20 and 21). 
Longer tool life is obtained when calcium- 
treated silicon-killed steel is machined with 
titanium-containing alloyed carbide tools 
coated with TiN/TiC. 

Calcium is also effective in improving 
tool life in the turning of resulfurized free- 
machining steel. The tool life, as measured 
by flank wear, was longer while turning 
UNS G11460 grade steel modified with a 
calcium deoxidation plus niobium grain 
control practice than the same grade of steel 
with an aluminum deoxidation practice 
(Fig. 22). 


Drilling Operations 


Drilling of Low-Carbon Steel. Drilling 
(Fig. 23) with a twist or spade drill is a 
highly complex deformation and shearing 
process. Conditions along the cutting edges 
are similar to those in turning except that 
shear stresses and temperatures reach a 
maximum at about three-quarters distance 
to the outside diameter (Ref 4). The center 
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Fig. 22 ^ue highspeed steel tool wear while 

Ы machining UNS G11460 steel bars at 40 
m/min (130 sfm). Depth of cut was 2 mm (0.08 in.), feed 
rate wos 0.1 mm/rev (0.004 in./rev), and rake angle (ct) 
was 20°. Source: Ref 22 





23 Schematic of diling operation. Source: 
Ref 5 


Fig. 


point of the drill penetrates the workpiece 
by indentations and causes high thrust fore- 
es before the cutting edges engage. Friction 
is high at the point and along the side 
surfaces of the flute (Fig. 24). The heat 
produced from this rubbing can be reduced 
with a recommended coolant. The chip (un- 
deformed) thickness is about one-half the 
linear feed rate, f (Fig. 23). The undeformed 
chip width is equivalent to the length of the 
drill lip, which depends on the point angle 
as well as the drill size. 

When starting а drilled hole in low-carbtn 
steel, a sharp three-cornered punch rather 
than a prick punch can be used to minimize 
work hardening of the steel at the mark (see 
the article ‘Machining of Stainless Steel" 
in this Volume). Once the drill is engaged, 
low-carbon steel under the chisel edge is 
first extruded by the high-thrust force, then 
it shears under the action of the negative- 
rake cutting angle. Built-up edge occurs 
along the chisel edge and can be reduced by 
lowering the frictional heat. The extruded 
steel under the center of the drill is forced 
out into the outer portions of the chisel edge 
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Chisel edge 


Table 4 Recommended twist drill 
geometries for steel 














p А. degrees — 
Chisel Lip 
Steel class Point edge Helix relief 
Low carbon ........... па 10 30 12 
Medium carbon ...... 10 Q0 3 6 
High carbon and alloy 150 120 25 5 








(main cutting edge) 


Margin 





NT angle 


Fig. 24 Elements of the cutting end of a twist drill. Source: Ref 23 


Table 5 Effect of feed rate on the drillability of a microalloyed and an 


alloyed steel 














Fed — | Drill force Drill torque Resultant force. 

Grade (UNS) mm/rev inJrev N ы Nem bt + in. N br 
GI0450 fV(a)..... 5.161 0.2032 30 62 55 1475 332 
8.387 0.3302 529 9.0 80 500 

G41400(b) ...... ‚5161 0.2 425 7.7 68 423 
8.387 0.3 608 1.6 103 2790 627 





(а) Air-cooled. (b) Quenched and tempered, Source: Ref 22 








while steel near the outer edge is sheared. 
The chip from the center is more highly 
work hardened, and the abrupt change in 
direction of the cutting edge between the lip 
and chisel edge may cause separation of the 
chip. The sliding of the chips up the drill 
flutes also increases thrust forces. Smooth, 
polished flutes often help reduce forces by 
decreasing the resistance to sliding of the 
chip. 

Low-carbon steel, especially when clean, 
work hardens rapidly. Frequent sharpening 
of twist drills, constant feed rates (Table 3.1 
in Ref 1), and adequate coolants will reduce 
work hardening. Coolant hole twist drills 
have been used to reduce frictional heat and 
built-up edge while drilling low-carbon 
ASTM A36 plate (UNS K02600 grade) (Ref 
24). 

An ejector drill can also be used to reduce 
thrust forces because the chips will slide 
across the cutting edge (Ref 25). The ejector 
drill consists of a multiple-insert, self-cen- 
tering, high-penetration drill made up of 
several cemented carbide tips. 

Cold-worked low-carbon steel, because 
of its decreased deformation (strain harden- 
ing), will form shorter chips in drilling than 
as-rolled steel. Higher thrust forces, how- 
ever, will be noticed. 

Steels with higher phosphorus and/or ni- 
trogen, which strengthen the ferrite phase, 
drill more readily because of improved chip 
segmentation. Steels with larger amounts of 
MnS have a larger number of soft particles 
available for microcracking, and this en- 


hances drilling. Abrasive oxide inclusions 
are detrimental in drilling low-carbon steel. 

A general-purpose twist drill, which usually 
has a point angle of 118°, a helix angle of 30°, 
arelief angle of 12°, and a chisel edge angle of 
135°, may be suitable for the short-hole drill- 
ing of clean low-carbon steel (Table 4). How- 
ever, cold-worked, rephosphorized, and/or 
renitrogenized low-carbon steel will require a 
lower chisel angle. Harder medium-carbon, 
high-carbon, and alloy steels require a higher 
point angle, a lower chisel edge angle, and 
less lip relief (Table 4). 

Gun drills, which consist of a single cut- 
ting tip and coolant holes, are effective in 
the deep-hole drilling of low-carbon steels. 
Long, continuous chips are more readily 
removed. Coolant hole and coolant tube 
drills are also effective in forcing coolant 
under pressure to the tool point; this reduc- 
es heat and friction. Chips will also slide 
more easily up a higher helix angle in twist 
drills, which are better suited to deep-hole 
drillii 

Drilling of Medium- and High-Carbon 
Steels. Medium- and high-carbon steels re- 
quire higher thrust forces and lower feeds 
and speeds (Table 3.1 in Ref 1) than low- 
carbon steel. Drilling can be improved by 
heat treating the steel workpiece, that is, 
annealing, normalizing, and/or spheroidiz- 
ing (especially high-carbon steel) Heat 
treating will also reduce centerline segrega- 
tion or coring of steel rod and bar stock. 
Increasing the sulfur-to-manganese ratio 
will also improve drillability. Mechanical 











properties, however, may be reduced with 
higher sulfur contents. 

Medium- and high-carbon steels require a 
higher point angle, a lower chisel edge an- 
gle, and less lip relief for a stronger cutting 
edge on twist drills than low-carbon steels 
(Table 4). A high helix angle will make chips 
slide more easily at the expense of a weaker 
cutting edge, so there is a practical upper 
limit to the size of the helix angle for medi- 
um- and high-carbon steels. 

Drilling of Alloy Steels. Alloy steels, like 
medium- and high-carbon steels, should be 
annealed or spheroidized before drilling. The 
optimum hardness for a spheroidized chromi- 
um-alloyed steel (UNS 51200 grade) is 170 to 
190 HV (Ref 26). Cold working will reduce 
thrust force but will increase drill wear (Ref 
26) at the recommended speeds and feeds 
(Table 3.1 in Ref 1). Alloy steels with added 
sulfur or tellurium require lower thrust force, 
which reduces drill wear (Ref 26). 

For short-hole drilling with twist drills, 
alloy steels generally require a strong cut- 
ting edge as a result of a high point angle, 
low chisel edge angle, and low lip relief 
angle (Table 4). 

Microalloyed steels that are air cooled 
from hot-shaping operations (hot forging) 
drill more readily than alloy steels that are 
quenched and tempered after hot shaping 
(Ref 27-29). Cutting forces are generally 
lower for air-cooled microalloyed steel than 
for a quenched-and-tempered alloy steel at 
equivalent hardness (see, for example, the 
22 to 23 HRC workpieces in Table 5). 

The deep-hole drillability of microalloyed 
steel is also superior to that of quenched- 
and-tempered alloy steel, mainly because 
the built-up edge in air-cooled microalloyed 
steel breaks off more frequently and lowers 
thrust force intermittently (Ref 27). Manga- 
nese sulfide and lead additions will also 
improve the drilling of microalloyed steels. 
Microalloyed steels should contain less than 
0.03% Ti to prevent abrasive wear of titani- 
um nitride particles (Ref 27). 

A split point and a wide chip disposal 
channel can be used on twist drills to im- 
prove the deep-hole drilling of air-cooled 
microalloyed steel. Up to three times the 
drill life may be achieved (Ref 29). 

Drilling of Free-Machining Steels. Ad- 
ditions of bismuth, lead, and tellurium re- 
duce the drilling forces of low-carbon steel 
(Ref 30). These additions, in association 
with larger amounts of MnS, deform plasti- 
cally during chip formation to form planes 
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Drilling conditions. 


Drill material — 
Drill diameter, mm (in.).. 
Point angle, degrees 
Blind hole depth, mm 
Cutting speed, rev/min... 
Feed rate, mm/rev (in./rev) 
Coolant à 





-speed steel 








0.25 (0.00) 
- Soluble oil 





i Machinability benefits of inclusion-modi- 
Fig. 25 fied UNS G41400 steels. Source. Rel 32 


of low strength, along which the energy for 
microvoid and microcrack formation is low. 
These microdefects quickly propagate in 
the shear area, thus reducing cutting forces. 
Tellurium and bismuth appear to be more 
effective than lead in reducing drilling forc- 
es (Ref 30). Cutting speeds can therefore be 
increased by more than 25% when drilling 
free-machining low-carbon steel (Table 3.1 
in Ref 1), Nitrogen, which is added to 
improve the surface finish after turning, 
increases thrust and torque forces in drill- 
ing. 

Calcium-treated medium-carbon, high- 
carbon, and alloy steels contain soft inclu- 
sions that are less abrasive on the drill and 
form a protective layer on the cutting edge 
of the drill, especially at cutting speeds 
higher than those recommended for non- 
treated steels (Ref 31), When calcium treat- 
ment is combined with resulfurization in 
alloy steels, drill lives can be increased by 
up to six times (Ref 32), as shown in Fig. 25. 








Workpiece feed 





(а) 
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As mentioned previously, MnS inclusions 
cause microdefects, which increase the 
shear angle and chip curl and reduce chip 
thickness, tool/chip contact length, friction- 
al forces, and cutting temperatures. The 
manganese sulfides and oxysulfides are also 
extended into the tool/chip interface as a 
lubricating film. 


Milling Operations 


Milling of Low-Carbon Steel. Slab and 
end milling with a peripheral cut differ in 
several aspects from turning and drilling. In 
milling, a formed surface is generated by the 
action of a rotary cutter, each tooth of the 
cutter removing a small amount of metal 
with each revolution of the spindle (Fig. 26). 
The time of tooth-workpiece engagement 
can vary, but there will always be a period 
of rest for each tooth during the cycle. The 
length of engagement for each tooth is brief. 
The undeformed chip thickness changes 
from zero to some maximum value by the 
chosen value of feed per tooth (Ref 4). In 
climb (or down) milling (Fig. 27), the chip 
thickness is greatest at engagement and 
tapers out to nothing. In conventional (or 
up) milling (Fig. 27), the cut begins at zero 
chip thickness. 

The life of a milling cutter compares 
favorably with that of a single-point tool 
when machining low-carbon steel at equal 
or recommended cutting speeds (Section 2 
of Ref 1). Entry and exit shocks, possible 
vibration, and variation in chip thickness 
during the cut are factors that tend to re- 
duce the life of the mill to less than that of a 
turning tool (Ref 23). On the other hand, the 
point of engagement kecps moving around 
the circumference of the milling tool; this 
allows it to cool and enables more efficient 
use of coolants to prolong tool life. 

Built-up edge on the cutting teeth is less 
of a problem in milling low-carbon steels 
than in turning and drilling operations. 





Workpiece teed 
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Fig. 27 schematics of climb (down) milling (a) and conventional (up) milling (b). Source: Ref 23 











n Schematic of milling operation. Source: 
Fig. 26 кү» 


Built-up edge is influenced by friction and 
temperature, which are intermittent in mill- 
ing. The tooth engagement cycle also 
breaks off small areas of built-up edge and 
prevents accumulation. The shearing action 
of the chip from low-carbon steel in milling 
is similar to turning. Low-carbon steel work 
hardens during milling; work hardening can 
be reduced by cold working the steel prior 
to milling. Low-carbon steel with added 
nitrogen or phosphorus to strengthen the 
ferrite will have improved chip formation 
but reduced tool life due to reduced work 
hardening. Steels with a higher sulfur-to- 
manganese ratio yield longer cutter life in 
milling. The improved tool life may, how- 
ever, occur at the expense of lower mechan- 
ical properties. Higher sulfur levels will also 
allow the use of higher speeds and feeds 
(Section 2 of Ref 1). Oxide inclusions are 
abrasive and are detrimental to tool life. 
Milling of Medium- and High-Carbon 
Steels. The annealing of medium- and high- 
carbon steels improves the tool life of mill- 
ing centers. For medium-carbon steels, à 
coarse pearlitic microstructure is generally 
best for combining good tool life and sur- 
face finish. High-carbon grades (such as 





; Dispersion of spheroidal carbides in a 
Fig. 28 7 of ferrite (UNS G521000 steel) 
obtained by spheroidizing. Etched with 4% picral + 
0.05% HCI. 1000x 


676 | Machining of Specific Metals and Alloys 





А Tempered martensite microstructure (UNS 
Fig. 29 541400 steel) obtained by quenching and 
tempering. Etched with 2% nital. 750% 


UNS 52100) should be spheroidized (Fig. 
28) by annealing for optimum milling cutter 
performance (Ref 25). Hardening by 
quenching and tempering (Fig. 29) should 
be avoided before milling because the speed 
must be reduced by at least 75% (Section 2 
of Ref 1) to avoid rapid wear or tooth 
breakage. Medium- and high-carbon steels 
will mill more readily with maximum 
amounts of sulfur. As mentioned previously 
in this article, MnS inclusions deform plas- 
tically, forming weak shear planes and in- 
terfaces with the matrix, which form micro- 
defects that initiate crack propagation in the 
shear zone; oxide inclusions do not deform 
and are abrasive to the milling cutter. 

Milling of Alloy Steels. The annealing or 
spheroidizing of alloy steels will improve 
the performance of milling. The higher 
hardness of alloy steels requires lower 
speed and feed rates than carbon steel (Sec- 
tion 2 of Ref 1). Hardening heat treatments 
should be performed after milling. Alloy 
steels with sulfur levels approaching the 
specified maximum will mill more readily, 
again with a slightly detrimental effect on 
mechanical properties, particularly ductility 
and toughness. 

At a hardness of about 250 HB (263 HV), 
air-cooled, vanadium-microalloyed medi- 
um-carbon steel mills more readily than its 
equivalent quenched-and-tempered steel 
(UNS grade G10450) at the same hardness. 
At a higher hardness of 300 HB (318 HV), 
both steels have similar millability (Ref 29). 

Milling of Free-Machining Steels. Low- 
carbon free-machining stecls can be milled 
eds up to 53% faster than plain carbon 

(Section 2 of Ref 1). As explained 
previously in this article, sulfide and/or 
lead, bismuth, and tellurium in free-machin- 
ing steels deform plastically with weak 
planes in the shear zone under the milling 
tooth. The weak planes and interfaces with 
the matrix form microdefects, which prop- 
agate to enhance metal chip parting. Re- 
phosphorized and renitrogenized low-car- 
bon free-machining steels have a smoother 
finish after milling, although possibly at the 












expense of a slight decrease in milling cutter 
life compared to lower-phosphorus and low- 
er-nitrogen free-machining steels. 


Shaping and Thread 
Cutting Operations 

Shaping of Carbon and Alloy Steels. 
Shaping, with a linearly moving tool (Fig. 
30), and planing, with a linearly moving 
workpiece, are similar to the chip-parting 
mechanics described in the section 
“Turning Operations” in this article, except 
that tool engagement is typically interrupted 
more frequently. The engagement travel 
may be short enough, especially in shaping, 
to prevent the development of maximum 
temperatures. Better coolant or lubricant 
access to the metal/tool interface and the 
tool disengagement also maintain lower 
shear zone temperatures than those found 
in turning. If a built-up edge develops in the 
shaping or planing of plain and free-machin- 
ing low-carbon steels, the built-up edge may 
break off between engagement cycles (Ref 
4). Shaping and planing speeds and feeds 
(Table 5.1 in Ref 1) are influenced by the 
same steel characteristics as those de- 
scribed in the section “Turning Opera- 
tions" in this article. 

Thread Cutting of Carbon and Alloy 
Steels. External and internal thread cutting 
operations are similar to form turning ex- 
cept that the cutting edges during the tap- 
ping of an internal thread are simultaneous- 
ly engaged and the undeformed chip 
thickness is influenced by tap design (Ref 
4). Threading parameters (Table 1.5 in Ref 
1) are influenced by the steel characteristics 
described in the section “Turning Opera- 
tions" in this article. 

Thread rolling of an external surface and 
cold form tapping shape threads by plastic 
indentation. Low- and medium-carbon 
steels that have been hardened in the ferrite 
phase by cold working or solid-solution 
Strengthening may require higher driving 
forces, but will work harden less in the 
rolled or form-tapped thread root thus re- 
ducing concentrated stresses in service. Di- 
mensional tolerances may also be easier to 
maintain. 








Grinding Operations 


The grinding process involves the remov- 
al of excess stock from the steel workpiece 
through the cutting action of abrasive, hard, 
angular particles (grains or grits). Alumi- 
num oxide and silicon carbide are the most 
widely used abrasives for the wheel grind- 
ing of steel. The basic differences relative to 
other cutting operations such as turning or 
milling are that individual grits are more or 
less randomly oriented to the cutting direc- 
tion and that the undeformed chip thickness 
is generally small and short with a variable 





Feed 


30 Schematic of shaping operation. Source: 
Ref 5 


mean chip cross-sectional dimension along 
the contact path. 

Grains or grits, which are manufactured 
to be irregular in shape, present sharp cut- 
ting edges that remove steel by plastic 
shear. The undeformed chip thickness is 
variable and small. Worn grits will fracture 
or break away from the bond to expose new 
cutting edges. Rake angles, therefore, range 
from positive to generally negative. The 
particles can displace or plow the steel 
workpiece sideways. Deformation may be- 
come purely elastic with high friction and 
heat without metal removal. Plowing of the 
steel surface creates a frontal bulge, also 
known as prow, ahead of the grit. Rake 
angles can be highly negative, and steel flow 
may be directed into both the chip and the 
workpiece. Work (energy) is lost in the 
thick deformation zone, penetrating up to 
ten times the depth of indentation. Work is 
also expended to overcome friction that 
may become a substantial part of the total 
work. The clearance angle can be zero or 
even negative, which increases friction and 
heat (Ref 4). 

Grinding of Low-Carbon Steels. Clean 
low-carbon steels should be ground with 
slow wheel speeds, infeed, and workpiece 
feed to minimize prow (Section 8 of Ref 1). 
The formation of prow changes the effective 
rake angle and leads to a poorer workpiece 
finish. Grinding fluids will reduce prow by 
cooling and lubricating the contact surface, 
flushing away the prow debris, and reducing 
wheel clogging. Cold-worked low-carbon 
steel will grind with less prow. Rephosphor- 
ized and renitrogenized low-carbon steels 
will also grind with a better finish. Silicon 
carbide grits may be more effective in gri 
ing low-carbon stee] than wheels with alu- 
minum oxide grits (Ref 23). 

Grinding of Medium- and High-Carbon 
Steels. Medium- and high-carbon steels can 
be ground at higher speeds (Section 8 of Ref 
1). For as-rolled or annealed steels, grind- 
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g. ing additives present in the steel on the 
volume of metal removed in a grindability test. Source: 
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ability improves as the amount of pearlite is 
increased up to about 70% (the amount 
found in UNS G10550) (Ref 33). 

Grinding of Free-Machining Steels. 
Free-machining additives, such as manga- 
nese sulfide, lead, bismuth, and selenium, 
will improve the grindability of carbon and 
alloy steel thirtyfold (Ref 33). These soft 
particles weaken the plastic shear plane and 
probably melt because of the high heat 
Benerated in grinding to lubricate the con- 
tact surface. In one case, the overall effect 
of the total amount of free-machining addi- 
tives in a study of several steel grades was 
present as a linear relationship to grindabil- 
ity (Fig. 31), which clearly illustrates the 
improvement in grindability with increasing 
amounts of soft particles (Ref 33). 


Nontraditional 
Machining Processes 


Nontraditional machining processes such 
as abrasive waterjet and laser cutting may 
be superior in cost and performance to 
traditional metal removal processes in spe- 
cial applications. See the Section "Nontra- 
ditional Machining Processes" in this Vol- 
ume for detailed information on these 
methods. 
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Abrasive waterjet cutting has been used 
to cut through 50 mm (2 in.) thick steel 
plate, leaving a smooth, clean edge that 
requires no further processing, such as 
grinding (Ref 34). The abrasive waterjet 
cuts straight and contour edges without 
heat; this eliminates thermal distortion and 
localized microstructural change. 

Electrical chemical grinding is a process 
that removes metal by chemical action re- 
sulting from the passage of electric current 
in the presence of an electrolytic fluid. This 
process may be cost effective for finishing 
small, expensive, hardened steel parts. 
Electrical chemical grinding removes iron at 
rates up to 2.21 cm"/min (0.135 in."/min) 
from medium- and high-carbon Stcels, leav- 
ing a burr-free and stress-free surface (Ref 





Lasers are used to drill holes having the 
following benefi compared to traditional 
drill bit holemaking: 








* Lower aspect ratios, as small as 0.10 

* Less deformation of the hole walls 

* Higher accuracy and repeatability 

© Less taper 

© Higher production rates (one hole 
second) (Ref 36) 


per 


Laser drilling with carbon dioxide lasers 
usually involves pulsing a focused laser 
beam over the workpiece and vaporizing 
the steel, leaving a hole. 
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Appendix: Machinability Testing of 
Carbon and Alloy Steels 


Hiroshi Yaguchi, Inland Steel Company 


A test method for a particular machining 
application is selected based on steel grade, 
type of machining operation to be used, 
amount of steel available, and the purpose 
of the test. Multiple tests are often carried 
out on the same sample. This is necessary 
because machinability is a system property 
that depends on machining conditions; 
therefore, different results may be obtained 


under quite different conditions. AS a re- 
sult, it is desirable to use several tests to 
characterize machina! ly under many pos- 
sible conditions. This section will summa- 
rize six machinability tests commonly car- 
ried out on carbon and alloy steel rod and 
bar products at the author's company. It 
should be noted that numerous other ma- 
chinability tests are applicable to steels. 





Information on these tests can be found in 
the article ““Machinability Testing" in this 
Volume and in Ref 37 and 38. 


Automatic Screw 
Machine Test 


Many types of grades, especially free-ma- 
chining steels, are machined into parts in 
automatic screw machines. Because it is de- 
sirable for machinability test conditions to 
simulate actual conditions as much as possi- 
ble, this test is regarded as the most reliable 
test available for free-machining steels, How- 
ever, a disadvantage is that this test requires a 
large amount of steel and manpower. 

The machine used for the screw machine 
test is a 32 mm (1% in.) six-spindle automat- 
1с screw machine, and the material used is 
25 mm (1 in.) round cold-drawn bars. The 
test methodology used is a modified form of 
ASTM E 618. Figure 32 shows the part 
produced in the test and the relative posi- 
tions of the rough form and finish form 
tools. The form tools are made of M2 high- 
speed tool steel, and the drills are made of 
M7 high-speed tool steel. Straight mineral 
oil without additives is used as the cutting 
fluid. The rough- and finish-formed part 
growths and surface roughnesses are mea- 
sured at l-h intervals on parts produced 
from cach of the six spindles. In this t 
the rough form tool part growth is consid- 
ered the major criterion, and a part growth 
of more than 0.13 mm (0.005 in.) or cata- 
strophic tool failure is considered the end 
point for the test, The finish-formed surface 
Toughness is also measured by a surface 
Profilometer. The drilled holes are moni- 
tored for drill wear and eccentricity. The 
maximum machining Speed at which the 
material could be machined to obtain a 
rough form tool life of 8 h and the tool life 
obtained at a common speed for all the 
Steels tested are considered the measure of 
machinability. Figure 33 illustrates typical 
curves showing rough-formed part growth 
as a function of machine time. Additional 
information on automatic screw machine 
tests can be found in Ref 39 to 41. 








Plunge Test 


The plunge machinability test has been 
developed to simulate the forming operation 
in the automatic screw machine test. The 
advantages of this test are the small amount 
of steel necessary and the ease of control 
Over machining conditions. Therefore, this 
test has been primarily used for the purpose 
of basic understanding in developing supe- 
rior free-machining steels (Ref 42). 

A 14.7 kW (19.7 hp) computer numerical 
control (CNC) lathe with variable spindle 
speed capability is instrumented with a 
three-component piezoelectric dynamome- 
ter that has good rigidity and small cross 
sensitivity among the force components, In 
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Fig. 32 Details of the ASTM E 618 machinobility test specimen and the relative positions of the form tools 
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Fig. 33 Part growth of rough-formed surface during three tests on the same material 


this test, only two force components—cut- with a personal computer. Cutoff tools of 
ting force and thrust force—are measured. M2 high-speed tool steel, 3.2 mm ( in.) 
The force data are collected and analyzed wide, are used to make plunges under or- 
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thogonal cutting. The rake angle is set at 0° 
and the clearance angle at 15°. Generally, 
no cutting fluid is used. 

A maximum of 20 plunges is made with a 
feed rate of 0.064 mm/rev (0.0025 in./rev) at 
each of several predetermined speeds. Sur- 
face cutting speed is kept constant within a 
plunge by adjusting spindle speed for the 
diameter of the bar at the position of ma- 
chining. Each test at a particular speed is 
conducted with a freshly ground tool. The 
total depth of cut is 6.35 mm (0.250 in.). 
When the cutting edge is completely worn 
and catastrophic tool failure has occurred, 
the testing is terminated before 20 plunges. 
Occasionally, representative chips are col- 
lected from each test and observed. The 
tools are also observed for built-up edge and 
tool wear. The results of force measurement 
and tool life expressed in terms of the 
number of plunges until catastrophic tool 
failure are used as the major machinability 
criterion. A typical example of cutting force 
measured as a function of cutting speed is 
shown in Fig. 34. 


Drill Force Test 


Occasionally, only a very small amount 
of steel is available for a machinability 
test, especially when testing experimental 
heats or confirming customer complaints. 
This test has been developed for situations 
in which insufficient steel is available for 
other tests or when tests should be carried 
out with the minimum manpower required 
(Ref 43). Therefore, this test is not expect- 
ed to characterize machinability fully, but 
to present only a relative rating of machin- 
ability. 

A six-spindle indexing-turret drilling ma- 
chine with electric power feed is instru- 
mented with a two-component piezoelectric 
dynamometer, which measures torque and 
thrust force. The force data, analyzed in a 
personal computer, are used as the major 
machinability criteria. Drills 9.5 mm (¥% in.) 
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Fig. 35 Effect of lead and bismuth content on torque (o) ond thrust force (b) 


in diameter of M7 high-speed tool steel are 
used. A large number of drills are purchased 
at one time from the same lot to minimize 
possible compositional or microstructural 
variations. Further, web thickness is mea- 
sured, and only drills having web thickness 
within the predetermined range are used. A 
special faceted drill point instead of the 
factory-made chisel edge is employed. Fi- 
nally, four drills are used for one sample to 
reduce variability further. A total of 24 blind 
holes 25 mm (1 in.) deep are made in one 
sample, and average torque and thrust force 
are compared. Figure 35 shows the effect of 
lead or bismuth content on the torque and 
thrust force. 


Single-Point Turning Test 
for Carbide Tools 


Carbide tools are often used to machine 
parts made from high-strength steel grades. 
The single-point turning test can be used for 
testing such conditions. The test methodol- 
ogy used is a modified form of ISO 3685- 
1977 (E) (see discussion below). 

The turning operation is carried out with 
either TiN-coated or noncoated carbide 
tools with a 5° negative rake angle, 0.38 mm/ 
rev (0.015 іп./теу) feed rate, and 1.9 mm 
(0.075 in.) depth of cut on a CNC lathe. 
Various cutting speeds are used, depending 
on steel grade and other conditions. The 
tool is periodically disassembled, and flank 
wear is measured in a toolmakers’ micro- 
scope. Machinability is compared based on 
either wear rate at a common cutting speed 
among all the samples tested or the higher 
cutting speed used to reach a certain length 
of tool life, which is determined by the 
length of flank wear. The articles “Тоо! 
Wear and Tool Life™ and "'Machinability 
Testing" in this Volume provide more de- 
tailed information on the testing of carbides. 
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" Taylor tool life versus cutting speed 
Fig. 36 се, were obtained in a single-point 
turning test. 


Single-Point Turning Test 
for High-Speed Steel Tools 


The ISO 3685-1977 (E) machinability test, 
in which Taylor tool life curves are gener- 
ated (Fig. 36), is perhaps the most widely 
known and used. This turning test is carried 
out with M42 high-speed steel tools with a 
5? positive rake angle, 0.13 mm (0.005 in./ 
rev) feed rate, and 1.3 mm (0.05 in.) depth 
of cut. Various cutting speeds are used, and 
testing at a certain cutting speed is contin- 


ued until catastrophic tool failure occurs. 
Machinability is defined by the highest cut- 
ling speed used to reach a predetermined 
length of tool life. 


Drill Eccentricity Test 


This test has been developed to investi- 
gate the propensity of bar samples for off- 
center or eccentric drill hole formation. The 
samples are 25 mm (1 in.) diam bars of 40 
mm (1.5 in.) length. А 6.4 mm (1⁄4 in.) drill is 
used to drill through at the center of the 
samples along the bar axis. Complete drill- 
ing is achieved in six penetrations of 6.4 mm 
(% in.) depth. The feed rate is 0.15 mm/rev 
(0.006 in./rev), and the drill point is a stan- 
dard chisel edge commercial 118° point. The 
speed used is 1300 rev/min, which is ap- 
proximately 26 m/min (85 sfm). A mist 
spray of a synthetic water-base lubricant is 
used, After drilling, the tendency of the test 
material to produce axially drilled holes that 
are off-center is monitored by measuring 
the variation in circumferential wall thick- 
ness, reported as the total indicated runout. 
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THE STAINLESS STEELS that are 
available, how and why they differ in ma- 
chining performance, and the machining 
methods used are the topics addressed in 
this article. With regard to machining meth- 
ods, emphasis is given to conventional ma- 
chining techniques, such as turning, drill- 
ing, and sawing, because most stainless. 
steels are currently machined using such 
techniques. However, special or nontradi- 
tional machining techniques are overviewed 
in the closing portion of the article. 








General Material and 
Machining Characteristics 


The common aspect of stainless steels is 
the presence of a minimum of about 11% Cr 
ide the excellent corrosion and oxi- 
ance that is the chief character- 
istic of the materials. However, stainless 
steels do not constitute a single, well-de- 
fined material, but instead comprise several 
families of alloys, each generally having its 
own characteristic microstructure, alloying 
elements, and range of properties. Compo- 
sitional differences within each family can 
also produce a variety of alloys suited to a. 
wide range of applications. 

Because of the wide variety of stainless 
steels available, a simple characterization of 
their machinability can be somewhat mis- 
leading. As shown in later sections of this 
article, the machinability of stainless steels 
varies from low to very high, depending on 
the final choice of alloy. In general. howev- 
er, stainless steels are considered more dif- 
ficult to machine than other metals, such as 
aluminum or low-carbon steels. Stainless 
steels have been characterized as gummy 
during cutting, showing a tendency to pro- 
duce long, stringy chips, which seize or 
form a built-up edge on the tool. This may 
result in reduced tool life and degraded 
surface finish. These general characteristics 
are due to the following properties, which 
are possessed by stainless steels to different 
extents (Ref 1, 2: see also the article 
“Forming of Stainless Steel" in Volume 14 
of the 9th Edition of Metals Handbook): 














* High tensile strength (Fig. 1) 
* Large spread between yield strength (YS) 
and ultimate tensile strength (UTS) (Fig. 1) 


© High ductility and toughness 
© High work-hardening rate (Fig. 1) 
* Low thermal conductivity (Fig. 2) 


Despite these properties, stainless steels 
can be machined under the appropriate con- 
ditions. In general, more power is required. 
to machine stainless steels than carbon 
steels, cutting speeds must often be lower, a 
positive feed must be maintained, tooling 
and fixtures must be rigid, chip breakers or 
curlers may be needed on the tools, and care 
must be taken to ensure good lubrication and 
cooling during cutting (Ref 4). These and 
other practices are discussed in more detail in 
the sections on individual conventional ma- 
chining techniques in this article. 


Classification of 
Stainless Steels 


Stainless steels can be divided into five 
families. Four are based on the сһагасісгі 
tic microstructure of the alloys in the fam: 
ly: ferritic, martensitic, austenitic, or du- 
plex {austenitic plus ferritic). The fifth 
family, the precipitation-hardenable alloys. 
is based on the type of heat treatment used, 
rather than microstructure. In addition, 
stainless stecls can be divided into the non- 
free-machining alloys and the free-machin- 
ing alloys. Free-machining alloys form a 
limited group that includes some of the 
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Fig. 1 Comparison of tensile strengths, spread be- 
J- 1 Queen yield ond ultimate tensile strengths, 
‘and work-hardening rate for 530100 austenitic stainless 
steel, $43000 ferritic stainless steel, and G10080 carbon 
steel 
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Fig. 2 Comparison of thermal conductivities for 
19. 2 carbon steel, 530200 austenitic stoinless 


steel, and 543000 ferritic stainless steel. Source: Ref 3 


alloys of the five basic families. Nonfree- 
machining and free-machining alloys may 
be available in versions having enhanced 
machining properties. 

The designations for stainless steels are 
complicated by a proliferation of competing 
systems in both the United States and 
abroad. Perhaps the most widely used sys- 
tem is the type designations of the Ameri- 
can Iron and Steel Institute (AISI). More 
recently, the Unified Numbering System 
(UNS) for identifying metallic materials, 
including stainless steels, has been intro- 
duced. Whenever possible, the UNS num- 
bers incorporate the numerical portion of 
the AISI type designations to simplify rec- 
ognition. Table 1 provides compositional 
limits for selected stainless steels listed by 
UNS and AISI type designations and sepa- 
rated into the basic families. Where AISI 
type designations are not available, Table 1 
uses three alternatives: American Society 
for Testing and Materials (ASTM) XM des- 
ignations, type designations used in the 
industry that resemble AISI types (but are 
not specifically used by AISI), or AISI 
numbers used for the alloys in their role as 
high-temperature high-strength alloys. 

The identification of stainl steels is 
further complicated by the various trade 
names used by steel producers. In most 
cases, such alloys have their own UNS 
designation or fall within the compositional 
limits of a standard alloy. For this reason, 
trade names have been avoided. 
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Table 1 Selected standard and special stainless steels 
























































UNS MS p Composition, эи ЗБ) 

designation уреа) c Ma s P s cr N Mo N Others. 

Ferritic alloys 

540500...... 405 0.08 1.00 1.00 0.040 0.030. 11.50-14.50. Icd же xw 0.10-0.30 АІ 
S40990...... 409 0.08 1.00 100 0.045 0.045 10.50-1175 z : 6 х C-0.75 Ti 
$43000...... 430 0.12 1.00 100 0.040 0.030 ee 

S400. ..... 430F. 0.12 125 100 0.060 0.15 min. 0.60 : 

43023...... 430FSe 012 125 100 0.060 0.060 nn 0.15 min Se 
S43400...... 434 0.12 1.00 100 0.040 0.030 0.75-1.25 E 
4200...... 442 0.20 1.00 100 0.040 0.030 4 - э. e - 

544300... (443) 0.20 1.00 1.00 0.040 0.030 18.00-23.00 9.50 23:5 x 0.90-1.25 Cu 
44400, ..... (444) 0.025 100 100 0.040 0.030 17.5-19.5 100 — 175-50 0025 10.20+4С+ N)]- 0.80 Ti Nb 
S44600...... 446 0.20 1.50 00 0.040 0:050 23.00-27.00 - -i 0.25 

$0900......IXM-M] —— 0.08 125-250 100 0.04 0.15 min 17.50-19.50 ee 150250 > : | 
5!8235...... n 0.025 050 100 0.030 0.15-0.35 17.50-18.50 100 — 2002150 0.005 0,30-1.00 Ti, 0.035 CN 
Martensitic alloys 

S40300....... 403 0.15 0.50 0.040 0030 11.50-13.00 

541000... 410 015 100 0.040 0.030 e | 
541400. ..... 414 0.15 100 0.040 0080 11.50-13.50 — 1.25-2.50 - 

541600 416 015 7 100 0.060 0.15 тіп 12.00-14.00 Le 0.60 

541610... [XM-6] 0.15 T 100 0.06 0.15 min 12.00-14.00 E 0.60 : E 

541623 416Se 0.15 125 100 0.060 0060 12.00-14.00 - ee ee 0.15 min Se 
42000...... 420 0.15 min 1,00 100 0.040 0050 12.00-14.00 u e er 

$42010. << 054.30 1.00 100 0.040 0.030 135-150 — 025-100 — 040-1.00 

42020, ,.... 420F 0.15 min 125 1.00 0.060 05min 12.00-13.00 ve 0.60 ` EU 

542023 (420FSe) 030-040 125 100 0.06 006 1200-14.00 x 0.60 : 0.15 min Se: 0.60 Zr or Cu 
SAMO... 431 0.20 1,00 1.00 0.040 0030 15.00-17.00 1.25-2.50 e z : 

$44002...... 440A 1.00 100 0.040 0430 — 16.00-18.00 : 0.75 

4400: мов 1.00 100 0.040 0.030 16.00-18.00 gms 0.75 

544004. ..... 440C 1.00 100 0.040 0.080 16.00-18.00 e 075 . 

$44020...... (440F) 1.25 1.00 0.040 0.10-0.35 16.00-18.00 075 040-060 008 e 

544023. ..... (440FSe) 125 1.00 0.040 0.030 16.00-18.00 075 0.60 0.08 0.15 min Se 
Austenitic alloys 

$20100 201 0.15 0.060 0.030 1600-IK00 350-550 035 et 

520300 IXM-M 0.08 0.040 018-035 — 16.00-18.00 — 5.00-6.50 0.50 De 17 

520910. ..... [Хм 0.6 0.040 0:080 20.50-23.50 11501350 1.50-3.00 0.20-0.40 0.10-0.30 Nb; 0.10-0.30 V 
$2194 IXM-M] — 0.04 0.060 0:050 19.00-21.50 550750 - 0.15-0.40 

524100 [XM2N] — 0.15 0.060 0.030 — 16.50-19.50 0502250 55 020-045 a 

28200. De 0.15 0.045 0.030 — 17.00-19.00 0.50-1.50 0.40-0.60 0.50-1 

$30100 301 0.15 0.045 0.030 16.00-18.00 6.00-8.00 e ee 

$30200...... 302 0.15 0.045 0030 — 1790-1900 80010.00 — - 

530300 303 0.15 020 0.15 тіп 17.00-19.00 800-1000 0.60 

53010 IXM-5] 015 0.20 0.25 тіп 17.00-19.00 7.00-1000 0.75 





0.15 min Se. 





0.20 0.060 17.00-19.00 — 8.00-10.00 
0.15 0.10 min 17.00-19.00 6.00-10.00 - oe 2,504.00 Cu: 0.10 Se 
0.05 0.11-0.16 — 17.00-19.00 — 8.00-10.00 040060 0.60-1.00 Al 
0.040 0.12-0.30 17.00-19.00 8.00-10.00 0.75 : 0.12-0.30 РЬ 
0.045 0.030 18.00-20.00 — 8.00-10.50. ғ s m 

0.045 0.030 18.00-20.00 — 8.00-12.00. d * " 

0.045 0:050 17.00-19.00 800-1000 si . 3.00-4.00 Cu 


303: 
(303Cu) 
. [XM-2] 
[XM-3] 
304 
304L 
[XM-7] 







530323 
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530431 : 0.14 16.00-19.00 — 9.00-11.00 see 1.30-2.40 Cu 
830452....., [XM-211 0.045 0.030 100-2000 8.00-10.50 + 016030 : 
5530500 305 0.045 0.030 — 17.00-19.00 10.00-13.00 — ·- Е 
51090. ..... 309 0.045 0.030 22.00-24.00 — 12.00-15.00 
5210908 3095 22.00-24.00 — 12.00-15.00 
531000 310 24.00-26.00 194 
531008. 310S 24.00-26.00 19.00-22 
531600 316 16.00-18.00 10.00-14.00 
531603 36L 16.00-18.00 10.00-14.00 
531620, ..... ЗЕ 17.00-19.00 12.00-14.00 
531700 317 18.00-20.00 11.00-15.00 
531703 ил. 18.00-20.00 — 11.00-15.00 se 
S32100...... 321 17.00-19.00 — 9.00-12.00 5 XC min Ti 
534700...... MT 17.00-19.00 — 9.00-13.00 10 XC min Nb 
534720 GATF) 17.00-19.00 — 9.00-12.00 10 x C-L.10 Nb | 
534723 G47FSe) 17.00-19.00 — 9.00-12.00 10 x C-1.10 Nb; 0.15-0.35 Se | 
538400. 384 15.00-17.00 1700-1900 ++ : x» 
No08020 e 19.00-21.00 32.00-38.00 2.00-3.00 -> 8 xC-1.00 Nb; 3.00-4.00 Cu 
Duplex alloys 
$31803.. 0.030 1.00 0.030 0.020 210-2210 — 450-650 25 i 
$32550..... a 0.04 100 004 0.03 240-970 4.50-6.50 100 0104025 1.50-2.50 Cu 
532900...... 329 0.20 075 0.040 0.050 23.00-28.00 2.50-5.00 100200 - : 
$3990... + 0.03 0.60 0.035 0.010 260-29.0 3506520 100250 0.15-0.35 

(continued) 


(a) AISI types are listed except as follows: (designations resembling AIST types but not used in that system: | |. designations used by ASTM; -. AISI numbers used for high-strength high-temperature 
оуу (o) Except as noted. single elements indicate maximum values. All compositions include iron as balance. (€) Martensitic. (d) Semiaustenitic. (e) Austenitic 
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Table 1 (continued) 

UNS ма —— Composition, wib) = 

designation куреа) c Ma P s cr Ni Mo N Others 

Precipitation-hardenable alloys 

5138000) ..... IXM-13] 0.05 0.20 ою 001 0.008 7.50-8.50 200-250 001 0.90-1.35 Al 

515500с)..... [XM-12] — 0.07 1.00 100 0.040 0.030 3.50-5.50 : + 0,15-0,45 Nb: 2.50-4.50 Cu 

S17400(C) ..... 1630, 0.07 1.00 100 — 0.040 0.030 3.00-5.00 0.15-0.45 Nb; 3.00-5.00 Cu 

S177000)... 631 0.09 1.00 100 0.040 0.040 6.50-7.75 0.75-1.50 AL 

S35000)..... 633 0.07-0.11 — 0.50-125 0.50 0.040 0.030 400-500 2.50-3.25 007-013 

5355004)... ... 1634 0.10-0.15 0.50-1.25 0.50 0.040 0.030 4.00-5.00 2.50-3.25 0.07-0.13 

S4500c)..... [XM-25] 0.05 1.00 100 0.030 0:050 1400-1600 5.00-7.00 0.50-1.00 ++- — EX C min Nb; 1.25-1.75 Cu 

$45500(c) ..... [XM-16] — 0.05 0.50 6.50 0.040 0030 11.00-12.50 7.50-9.50 0.50 0.10-0.50 Nb: 1.50-2.50 Cu 
0.80-1.40 Ti 

S66286(e) ..... 1660 0.08 200 100 0.040 0.030 — 13.50-16.00 2402790 1.00-1.50 0.35 Al; 0.0010-0.010 B 


(а) AISI types are listed except as follows: (..-. designations resembling AISI types but not used in that system: |]. designations used by ASTM: 


1.90-2.35 Ti; 0.10-0.50 V. 
‚ AISI numbers used for high-strength high-temperature 


alloys. (b) Except as noted, single elements indicate maximum values. All compositions include iron as balance. (c) Martensitic. (d) Semiaustenitic. (c) Austenitic 





Because of the variety of stainless steels 
available, it is usually possible to obtain an 
alloy possessing the desired set of at- 
tributes, although this same wealth of alloys 
can create problems during the selection 
process. Although aids have been published 
to assist in the selection process, it is advis- 
able to consult the producer to determine 
the alloy that best meets the requirements 
of the application (Ref 5, 6). 

Ferritic stainless steels have a body- 
centered cubic structure and are magnetic. 
In the annealed condition, they have a ten- 
sile yield strength of about 275 to 350 MPa 
(40 to 50 ksi). They are generally hardenable 
only by cold working, but not to the same 
extent as the austenitic stainless steels (Fi 
1). The alloys have relatively good ductility 
in the annealed condition, but are not used 
where toughness is of concern. They have a 
broad range of corrosion resistance, de- 
pending on alloy content. However, as a 
class, they are considered less corrosion 
resistant than the austenitic alloys. 

The most well-known alloy of this family 
is $43000, which is an iron-base alloy con- 
taining 16 to 18% Cr. Other alloys, such as 
S40500 or $40900, contain lower chromium. 
Higher levels of chromium are used in al- 
loys such as $44200 ог 544600 for improved 
corrosion or oxidation resistance. Molybde- 
num is added to certain alloys, such as 
543400, to improve corrosion resistance, 
particularly in chloride-containing solu- 
tions. Titanium or niobium is used to stal 
lize carbon and nitrogen to improve the 
as-welded properties of alloys such as 
540900. Extralow-interstitial (ELI) alloys 
with carbon and nitrogen reduced by special 
melting techniques have been more recently 
introduced. The ELI ferritic alloys usually 
contain higher chromium, along with mo- 
lybdenum and sometimes nickel. The more 
highly alloyed ones are often limited to thin 
sections because of toughness restrictions. 

Martensitic stainless steels have a body- 
centered cubic/tetragonal structure and are 
magnetic. In the annealed condition, they 
have a tensile yield strength of about 275 




















MPa (40 ksi) and can be moderately hard- 
ened by cold working, similarly to ferritic 
alloys. However, martensitic alloys are nor- 
mally heat treated by hardening plus tem- 
pering to yield strength levels up to 1900 
MPa (280 ksi), depending primarily on car- 
bon level. The alloys have good ductility 
and toughness, which decrease as strength. 
increases. 

The most commonly used alloy of this 
family is 541000, which contains about 12% 
Cr and 0.1% C to provide strengthening. 
Carbon level and consequently strength ca- 
pability increase in the series 542000, 
844002, S44003, and 844004 alloys. Chro- 
mium is increased, particularly in the latter 
three alloys, to maintain corrosion resis- 
tance because increasing carbon removes 
chromium from solution by forming chromi- 
um carbides. Molybdenum can be added to 
improve mechanical properties or corrosion 
resistance, as in $42010. Nickel can be 
added for the same reasons, as in 541400 
and 543100. Nickel also serves to maintain 
the desired microstructure, preventing ex- 
cessive free ferrite, when higher chromium 
levels arc used to improve corrosion resis- 
tance. The limitations on alloy content re- 
quired to maintain the desired fully marten- 
sitic structure restrict to moderate levels the 
corrosion resistance obtainable with mar- 
alloys. 

Austenitic stainless steels have a face- 
centered cubic structure and are nonmag- 
netic in the annealed condition. The alloys 
can be subdivided into two categories: the 
standard alloys, such as $30200, containing 
nickel to maintain an austenitic structure at 
room temperature and those alloys contain- 
ing a substantial quantity of manganese, 
usually with higher levels of nitrogen and in 
many cases nickel. Examples of the latter 
аге 520100, 520910, 521904, 524100, and 
528200. Nitrogen can also be used to pro- 
vide strengthening in the chromium-nickel 
grades, as in 530452. The standard chromi- 
um-nickel alloys with lower nitrogen levels 
have tensile yield strengths of 200 to 275 
MPa (30 to 40 ksi) in the annealed condition, 




















while alloys containing higher nitrogen have 
yield strengths up to about 500 MPa (70 ksi). 

Austenitic stainless steels possess good 
ductility and toughness, even at cryogenic 
temperatures, and can be substantially 
hardened by cold working (Fig. 1), The 
degree of work hardening depends on alloy 
content. Austenitic stainless steels with a 
lower alloy content may become magnetic 
because of the transformation of austenite 
to martensite if heavily deformed during 
cold working or even machining. A correc- 
tive anneal or the selection of an alloy with 
a lower work-hardening rate may be neces- 
sary if a low magnetic permeability is re- 
quired for the intended application. The 
corrosion resistance of austenitic alloys var- 
ies from good to excellent, again depending 
on alloy content. 

The most common austenitic stainless 
steel is S30400, which contains approxi- 
mately 18% Cr and 8% Ni. In addition to the 
alloying variations noted above, higher 
chromium, nickel, molybdenum, or copper 
can be added to improve particular aspects 
of corrosion or oxidation resistance. Exam- 
ples are 531600, 531700, 530900, 531000, 
апа N08020. Many of the more corrosion- 
resistant alloys, such as N08020, have nick- 
el levels high enough to rate classification as 
nickel-base alloys. To prevent intergranular 
corrosion after clevated-temperature expo- 
sure, titanium or niobium is added to stabi- 
lize carbon in alloys such as $32100 or 
534700. Conversely, carbon levels are re- 
duced to low levels during melting to pro- 
duce the AISI L or S alloys, such as $30403 
or 530908. 

Duplex stainless steels contain a mix- 
ture of ferrite and austenite and are magnet- 
ic. They have tensile yield strengths of 
about 550 MPa (80 ksi) in the annealed 
condition, or about twice that of the stan- 
dard austenitic alloys. Strength can be in- 
creased by cold working. The alloys have 
good ductility and toughness, along with 
excellent corrosion resistance. 

The original alloy in this classification 
was 532900, which contains chromium, mo- 
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lybdenum, and sufficient nickel to provide 
the desired balance of ferrite and austenite. 
More recent alloys, such as 531803 and 
532950, also contain nitrogen. 

Precipitation-hardenable stainless 
steels are categorized by their ability to be 
age hardened to various strength levels. The 
alloys can be subdivided into the austenitic 
(for example, S66286), martensitic (for ex- 
ample, $17400), or semiaustenitic (for ex- 
ample, S17700) classifications. The latter 
alloys may have an austenitic structure for 
formability, but can be subsequently trans- 
formed to martensite and then aged to the 
desired strength level. Depending on the 
type of alloy, precipit: ion-hardenable 
stainless steels can reach tensile yield 
strength levels of up to 1700 MPa (250 ksi). 
Cold working prior to aging can result in 
even higher strengths. The alloys generally 
have good ductility and toughness with 
moderate-to-good corrosion resistance. A 
better combination of strength and corro- 
sion resistance is achieved than with the 
martensitic alloys. 

The most well-known precipitation-hard- 
enable stainless steel is $17400. It contains 
chromium and nickel, as do all precipita- 
tion-hardenable stainless steels, with cop- 
per for age hardening and niobium for sta- 
bilizing the carbon. The age-hardening 
agents used in other alloys include titanium 
(545500), aluminum (S13800), and niobium 
(S45000). Molybdenum can be added to 
improve mechanical properties or corrosion 
resistance. Both molybdenum and copper 
are added for corrosion resistance in 
S45000. Carbon is normally restricted, ex- 
cept in semiaustenitic alloys such as 
535500, which require it to provide the 
desired phase transformations. 

Free-machining alloys contain a free- 
machining additive such as sulfur to form 
inclusions that significantly improve overall 
machining characteristics. In some cases, 
other compositional changes can be made 
either within or outside the broad composi- 
tional ranges of the corresponding nonfree- 
machining alloy. Such additional changes in 
ion may improve machining char- 
s beyond those obtained by the 
ple addition of the frec-machining addi- 
tives. 

The benefit of improved machining char- 
acteristics by the addition of sulfur or other 
free-machining additives is not obtained 
without changes in other properties. In par- 
ticular, the following properties may be 
degraded by the addition of a free-machin- 
ing agent: 

















* Corrosion resistance 

Transverse ductility and toughness 
Hot workability 

Cold formability 

Weldability 


In some cases, variants of the basic free- 
machining alloy are available to provide an 
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Table 2 Correspondence of 
nonfree-machining and 
free-machining stainless steels 




















Nonfree-machining Related free-machining alloys 
alloys Selenium-bearing  Sulfur-braring 
Ferritie 
S43000 .. 543023 543020 
544400 .. © SI8200(2) 
518235 
Martensitic 
541000. 541623 541600 
5416106) 
542023 542020 
. 844023 544020 
EL 520300 
.. 830323 530300 
303100) 
S30345(c) 
5303600) 
SIUE агаараа 530330 
304316) 
S31600 ......... SN. 531620 
534700... ‚- 834723 534720 





(а) Does not contain titanium. (b) Contains high manganese. (c) 
Contains aluminum. (d) Contains lead. (е) Contains lower copper 





optimum combination of machinability with 
another property. However, the trade-off 
among the various properties must still be 
considered when selecting an alloy; that is, 
the ease of machining must be balanced 
against the possible reduction in other impor- 
such as corrosion re: 








free-machining alloys within the ferritic, 


martensitic, and austenitic families. Free- 
machining alloys are currently unavailable 
in the duplex or precipitation-hardenable 
families. Because duplex alloys are noted 
for excellent corrosion resistance but have 
somewhat limited hot workability, the addi- 
tion of a free-machining agent, which would 
likely degrade both properties, would be 
undesirable. Similarly, precipitation-hard- 
enable alloys are noted for good toughness 
at high strength levels, making it undesir- 
able to add a free-machining agent, which 
would degrade toughness. 

The best-known alloys in the three fami- 
lies represented, 543000 (ferritic), 541000 
(martensitic), and $30400 (austenitic), have 
corresponding free-machining alloys (Table 
2). In addition, the more corrosion-resistant 
molybdenum-bearing alloys 544400 and 
531600 have free-machining versions in the 
ferritic and austenitic families, respectively, 
and the higher-carbon, higher-strength al- 
loys 542000 and 544004 have free-machin- 
ing versions in the martensitic family. Con- 
sequently, a variety of basic free-machining 
alloys are available to satisfy the two most 
important selection criteria for stainless 
steels, namely, corrosion resistance and 
mechanical properties (strength/hardness). 

A variety of additional distinctions can be 
made among the other alloys listed in Table 















2. Free-machining versions are available for 
$34700, a niobium-stabilized austenitic al- 
loy, and for 530430, a copper-bearing alloy 
noted for a low work-hardening rate and 
excellent cold formability for an austenitic 
alloy. The free-machining versions of 
530430 (530330 and 530431) are intended to 
offer a good combination of cold formability 
and machinability. Another alloy that can 
offer this combination of properties is 
530345. The sclenium-bearing free-machin- 
ing alloys are also noted for better cold 
formability than the sulfur-bearing alloys 
and can be used where machined surface 
finish is more important than tool life. 

Alloy 520300, which lacks a correspond- 
ing nonfree-machining version, is a high- 
manganese, high-copper alloy with excel- 
lent machinability for an austenitic alloy. It 
can be substituted for S30300, specifica- 
tions permitting. Higher manganese is also 
present in 541610 and 530310; aluminum in 
530345; and lead in S30360. These compo- 
sitional modifications are intended to im- 
prove machining performance. 

Versions of 530300, 541600, and 543020 
are also available to provide combinations 
of properties not obtain: with the stan- 
dard alloys. The compositions of such ver- 
sions still fall within the broad ranges of the 
standard alloy. For example, S30300 and 
S41600 are available in forging-quality ver- 
sions, which are intended to provide a good 
combination of hot workability and machin- 
ability. Alloy 541600 is also available in a 
modified version intended to provide a high- 
er quenched hardness level after bright 
hardening. Alloy 543020 is available in a 
modified version for optimum soft-magnetic 
properties. 

Enhanced-Machining Alloys. The com- 
positions and processing of alloys can also 
be modified within the broad limits to pro- 
vide an optimum level of machining perfor- 
mance. This approach has been taken with 
both nonfree-machining and free-machining 
alloys, resulting in enhanced-machining al- 
loys that meet the same specifications as the 
standard alloys. It should be noted that the 
enhanced-machining versions of the non- 
free-machining alloys provide machining 
performance superior to that of the corre- 
sponding standard alloys, but still do not 
provide the machinability of comparable 
free-machining alloys. However, other 
properties, such as corrosion resistance, 
ductility, toughness, weldability, and cold 
formability, will be superior to those of the 
corresponding free-machining alloy. Thus, 
the enhanced-machining versions of the 
nonfree-machining alloys provide a means 
of obtaining improved machining perfor- 
mance without significant degradation of 
other properties. 

There are many possibilities for tailoring 
enhanced-machining alloys because the lat- 
itude in the composition and processing of 
stainless steel alloys is great enough to 
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provide a variety of levels of machinability. 
As a result, some alloys are available in 
more than one enhanced-machining ver- 
sion. For example, $41600 is available in an 
enhanced-machining version for meeting 
certain minimum hardness requirements 
and in a version providing even higher ma- 
chining performance but having limited 
hardness capabilities. Obviously, the level 
of machinability necessary and the compro- 
mises to be made with other properties 
depend on the needs of the user. Before 
specifying or purchasing an alloy, the pro- 
ducer should be consulted to determine the 
proper alloy or, more important, the proper 
version of the alloy. 


Machinability 


Machinability refers to several specific 
aspects of machining a material, and the 
definition of machinability must be precise- 
ly specified in a particular application. 
Some of the specific criteria for defining 
machinability include: 


* Tool life or tool wear 

* Machined surface finish 
* Chip removal 

* Cutting rate 

* Productivity 


The relative importance of these criteria 
varies, and the criteria may be interdepen- 
dent in various ways. 

Machinabi also depends on many vari- 
ables in the machining process. Therefore, 
because of the different criteria of machin- 
ability and because of the many variables in 
the machining process, the ranking or ex- 
trapolation of machinability must be viewed 
with caution. Some of the machining varia- 
bles that may affect the evaluation of ma- 
chinability are: 











* Rigidity of tooling or fixtures 

* Tool material and tool geometry 
* Type of cutting fluid 

* Type of machining operation 


Generally, the harder the material, the 
more difficult it is to machine. However, 
machinability is more directly influenced by 
microstructure than by hardness. The ma- 
chinability of many classes of alloys can be 
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improved if the microstructure is a two- 
phasc structure consisting of either a brittle 
or easily sheared second phase dispersed 
throughout a moderately ductile matrix. 
Stainless steels have a high alloy content 
that reduces machinability, but free- 
machining stainless steels are available that 
compare favorably with some free-machin- 
ing carbon steels. 


Machinability Additives 

The most important machinability addi- 
tives are those that form inclusions in the 
metal. Such additives include sulfur, seleni- 
um, tellurium, lead, bismuth, and certain 
oxides. The role of these inclusions in im- 
proving machining performance has been 
the basis of much study, and theories in- 
clude lubrication, chip embrittlement, and 
stress-concentration effects as the mecha- 
nisms for improving machinability. Whatev- 
er the reason. frec-machining inclusions in- 
crease tool life, allow higher cutting rates, 
and may also affect chip breakage/dispos- 
ability and the machined surface finish. 

Elements that modify the matrix of the 
metal or the size, distribution, and mechan- 
ical properties of the free-machining inclu- 
sions can also improve machinabi be- 
yond that obtained with the free-ma 
additive alone, although these additional 
additives are of secondary importance. 
Compositional changes that modify the in- 
clusions are discussed in the sections below 
that cover the appropriate inclusion. Modi- 
fications of the matrix are discussed in the 
section ‘‘Machinability of Alloy Families" 
in this article. An exception is phosphorus, 
which has traditionally been discussed with 
the inclusion-forming machinability addi- 
tives. 

Sulfur. The use of sulfur to improve the 
overall machining characteristics of stain- 
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Sulfide inclusions in 530300 austenitic stain- 
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less steels dates back to the early 1930s, 
when alloys similar to the current 541600 
and $30300 were first developed (Ref 7, 8). 
Since then, sulfur has been the primary 
element used to provide free-machining 
characteristics іп stainless steels. The 
amount of sulfur that can be added to a 
stainless steel is limited by the allowable 
degradation of other properties, particularly 
hot and cold workability in the producer's 
mill. 

Increases in sulfur continuously increase 
the case of cutting, although generally at a 
decreasing rate (Fig. 3). Increasing sulfur 
also produces relatively large increases in 
tool life, even within the typical limit of 
sulfur content (0.030% maximum) allowed 
for nonfree-machining alloys (Fig. 4). Close 
control of sulfur to the upper end of this 
range is at least part of the explanation for 
the enhanced-machining versions of the 
standard nonfree-machining alloys (Ref 9, 
10). 

Sulfur is present in stainless steels as 
discrete sulfide inclusions (Fig. 5). Sulfides 
that are larger and more globular provide a 
greater benefit to machining than smaller 
and elongated ones (Ref 9-11), as shown in 
Fig. 6 and 7. Although larger sulfides bene- 
fit tool life or ease of cutting, they can be 
detrimental to machined surface finish (Fig. 
8). This is a case in which the definition of 
machinability is important. 

Except at low levels of manganese, the 
sulfides in free-machining stainless steels 
are basically manganese sulfides containing 
chromium and iron. As the manganese level 
or manganese-to-sulfur ratio increases in a 
stainless steel, the composition of the sul- 
fide will change (Ref 12-14), as shown in 
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steel. Tool life is measured as the distance traveled along 
a 23.2 mm (0.915 in.) diam bar until tool failure. 


Fig. 9. Higher manganese or a higher man- 
ganese-to-sulfur ratio will further improve 
the machinability of free-machining ferritic, 
martensitic, and austenitic stainless steels 
(Ref 15-19), as shown in Fig. 10. The use of 
higher manganese to increase machinability 
also has an effect on corrosion resistance. 
Stainless steels containing manganese-rich 
sulfides can be less corrosion resistant than 
those containing sulfides with a higher chro- 
mium content (Ref 13-15). Whether any loss 
in corrosion resistance is significant de- 
pends on the specific environment. Free- 
machining austenitic alloys are not affected 
to the same extent as free-machining ferritic 
and martensitic alloys (Fig. 11). 

Stainless steels specifically containing 
higher manganese levels for improved ma- 
chinability include 520300, 530310, and 
541610. Other free-machining alloys, such 
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Fig. 9 Effect of mongonese content in steel on 
ӨЧ. Ф chromium content in sulfides for a free- 
machining 13% Cr martensitic stainless steel. Source: Ref 
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as $30300, can be melted with manganese 
on the high end of the allowable range to 
improve machinability. On the other hand, 
manganese can also be intentionally limited 
in 530300 ог S41600 to give these free- 
machining alloys improved corrosion resis- 
tance. 

Instead of limiting manganese to improve 
the corrosion resistance of a free-machining 
stainless steel, another approach has been 
to produce alternative sulfides, such as tita- 
nium sulfides (Ref 20-22). An example of 
this approach is 518235. 

Selenium is the next most commonly 
used free-machining agent in stainless 
steels, forming inclusions generally analo- 
gous to sulfides. Typically, selenium is less 





effective than an equivalent weight percent 
of sulfur in improving the overall machining 
characteristics of stainless steels (Ref 11, 
17, 23-26), as shown in Fig. 12. However, 
there are reports to the contrary (Ref 2). 
Selenium-bearing alloys can provide a bet- 
ter machined surface finish than sulfur- 
bearing alloys (Fig. 13). In addition to the 
possibility of a better machined surface 
finish, selenium-bearing stainless steels 
may offer improved cold formability and 
somewhat improved corrosion resistance 
compared to the corresponding sulfur-bear- 
ing alloys (Ref 11, 23-27). Selenium addi- 
tions have also been used in sulfur-bearing 
alloys to promote sulfides that are larger 
and more globular and therefore more ben- 
eficial to machinability (Ref 28, 29). 
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Fi 11 Effect of manganese content on the cor- 
g. rosion of free-machining stainless steels in 
а 10% nitric acid solution at 24 "C (75 °F). 1, 13% Cr 
martensitic alloy; 2, 17% Cr ferritic alloy; З, 18Cr-9Ni 
austenitic alloy, Source: Ref 14 


Tellurium, like selenium, forms inclu- 
sions similar to sulfides, Tellurium has been 
shown to be more effective than sulfur in 
improving the machinability of an austenitic 
stainless steel (Fig. 14). Like selenium, tel- 
lurium can be used to promote sulfides that 
tend to retain their globular shape (Ref 28, 
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29), as shown in Fig. 15. The utility of 
tellurium is limited, primarily because of its 
adverse effect on hot workability. This i 
particularly true for austenitic alloys (Ref 
И, 17, 26). However, tellurium has recently 
been used in a ferritic alloy in conjunction 
with sulfur and lead (Ref 25). 

Lead and bismuth have low solubility in 
stainless steels, forming metallic inclusions 
that benefit machinability, particularly in 
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austenitic stainless steels (Ref 17, 23-25, 30- 
34). Lead is more beneficial to the machin- 
ability of an austenitic stainless steel than 
other common free-machining additives 
(Fig. 14). The use of lead, with or without 
limited sulfur, also reportedly results in 
better machined surface finish, corrosion 
resistance, and cold formability than the use 
of higher sulfur alone (Ref 25, 30, 32). 
Somewhat similar benefits have been attrib- 
uted to the use of bismuth (Ref 34). 
Despite the benefits associated with the 
use of lead or bismuth, alloys containing 
these elements are commercially available 
only to a limited extent. Problems with the 
use of lead include toxicity, reduction in hot 
workability, and erratic machinability asso- 
ciated with the difficulty in obtaining a 
uniform dispersion in the steel (Ref 17, 23, 
34). Boron additions have been used to 
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Fig. 16 Effect of aluminum oxide inclusions on the tool life of 543020. Source: Ref 15 


alleviate the hot-workability problems (Ref 
32), The use of bismuth involves similar 
problems, except for toxicity (Ref 33. 34). 

Controlled Oxides. Stainless stecls may 
contain oxides as a result of deoxidation or 
reoxidation. In some cases, such oxides 
may be deleterious to machinability. The 
deoxidation of standard air-melted stainless 
steels is generally accomplished with sili 
con. The deoxidation of machining grades 
with aluminum should be avoided because 
aluminum oxides are highly abrasive and 
degrade tool life (Ref 11, 15, 28, 29, 35), as 
shown in Fig. 16. 

However, calcium deoxidation can form 
inclusions that are actually beneficial to 
machinability under certain conditions (Ref 
35-37). This involves the formation of calci- 
um-(aluminum)-silicates in the steel. Such 
inclusions will soften during high-speed ma- 
chining with titanium carbide tools, forming 
a protective layer on the tool. The increase 
in carbide tool life with increasing calcium 
content is shown in Fig. 17. The composi- 
tion of the inclusions, that is, the propor- 
tions of CaO, SiO,, and Al;O,, must be 
tightly controlled to obtain oxides that will 
properly soften in the cutting speed range 
used (Ref 36). 

Phosphorus is added in conjunction with 
sulfur or selenium to enhance machinabil- 
ity, not by forming inclusions but by modi- 
fying the matrix properties of the alloy. The 
original purpose in adding phosphorus was 
to embrittle tough austenitic alloys (Ref 8). 
Phosphorus has only a small beneficial ef- 
fect in an austenitic alloy and is detrimental 
above a certain level (Fig. 18). 


Machinability of Alloy Families 
Significant differences in machinability 
exist between different alloy systems and 
including the various free- 
loys. This section will discuss 
machinability both within and among the 
five basic families of stainless steels. 
and Martensitic Alloys. Free- 
machining ferritic alloys (such as S43020) 





















and annealed, low-carbon, frec-machining 
martensitic alloys (such as 541600) are the 
easiest to machine of the stainless steels 
(Ref 2, 27, 38-40). In fact, their machinabil- 
ity ratings approach and in some cases are 
comparable to those of certain free-machin- 
ing carbon steels (Ref 27, 38, 39). The 
nonfree-machining lower-chromium ferritic 
alloys ($40500, $43000) and annealed, low- 
carbon, straight-chromium martensitic al- 
loys (S40300, S41000) are also generally 
easier to machine than most other nonfree- 
machining alloys (Ref 27, 38-40). The high- 
er-chromium ferritic alloys, such as 544600, 
are considered by some to be somewhat 
more difficult to machine than the lower- 
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chromium alloys because of gumminess and 
stringy chips (Ref 41, 42). 

Other than the presence or lack of a frec- 
machining additive, the machining character- 
istics of martensi ainless steels are influ- 
enced by the following variables: 


* Hardness level 

* Carbon content 

* Nickel content 

e Phase balance, that is, the percentage of 
free or -ferrite in the martensitic matrix 








Increasing the hardness level for a particu- 
lar alloy results in a decrease in machinabil- 
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ity as measured by various criteria (tool life, 
drillability, and so on) (Ref 2, 24, 40, 43). 
Within certain limits, however, surface fin- 
ish can be improved by machining harder 
material (Ref 24, 40). 

In the martensitic grades, machinability 
decreases as the carbon content increases 
from 541000 to 542000 to 544004 or from 
541600/541623 to 542020/542023 to $44020/ 
544023. With higher carbon levels, there 
also tends to be a smaller difference in 
machinability between the corresponding 
free-machining and nonfree-machining ver- 
sions. These effects are primarily due to the 
increasing quantities of abrasive chromium 
carbides present as carbon level increases 
in this series of alloys. As a further detri- 
ment to machinability, annealed hardness 
level increases with increasing carbon level 
(Ref 24, 40-42). 

Nickel content also influences machin- 
ability by increasing annealed hardness lev- 
els. Consequently, alloys such as 541400 
and $43100 will be more difficult to machine 
than S41000 in the annealed condition (Ref 
38, 39). 

Changing phase balance has been used to 
improve the machining characteristics of 
S41600. It has generally been found that 
increasing free or à-ferrite content results in 
improved machinability, including tool life 
and surface finish (Ref 9, 24, 40, 43-45). The 
introduction of a higher ferrite content also 
results in decreasing hardness capability. 

Austenitic Alloys. The difficulties in ma- 
chining attributed to stainless steels in gen- 
eral are more specifically attributable to the 
austenitic stainless steels (Ref 27, 39-42, 
45). Compared to ferritic and martensitic 
alloys, typical austenitic alloys have a high- 





hanced-machining version of 530400. Termination is 
defined as a 0.075 mm (0.003 in.) increase in the 
diameter of the part being cut. 


er work-hardening rate, a wider spread be- 
tween yield and ultimate tensile strengths, 
and higher toughness and ductility. When 
machining austenitic stainless steels, partic- 
ularly the nonfree-machining alloys, several 
factors become more pronounced: 


* Tools will run hotter with more tendency 
to form a large built-up edge 

* Chips will be stringier with a tendency to 
tangle, making their removal difficult 

* Chatter will be more likely if tool rigidity 
is inadequate or marginal 

* Cut surfaces will be work hardened and 
more difficult to machine if cutting is 
interrupted or if the feed rate is too low 


Because of these factors, the general pre- 
cautions for machining stainless steels are 
particularly important for austenitic alloys. 
Although there have been differing opin- 
ions (Ref 23), a moderate amount of cold 
work has been regarded as beneficial to the 
overall machining characteristics of austen- 
itic stainless steels (Ref 40, 42). The cold 
working will reduce the ductility of the 
material, which results in cutting with a 
cleaner chip and less tendency for a built-up 
edge. This produces a better machined sur- 
face finish but with some loss of tool life due 
to the higher hardness level (Ref 40). 
Automatic screw machine testing has 
shown that the effects of cold working and 
hardness are variable and may or may not 
be seen, depending on the type of alloy and 
machining conditions. In such testing, tool 
life has been lowered by an increasing level 
of cold work for both free-machining 
(S30300) and nonfree-machining (S30400, 
531600) austenitic stainless steels. This ef- 
fect is shown in Fig. 19 for S30400. On the 
other hand, there have also been indications 





level of cold work (Fig. 20). 

Machined surface finish can be improved 
by an increasing level of cold work for 
nonfree-machining alloys (S30400, $31600). 
Figure 21 shows this effect for 531600. A 
decreasing tendency for tool chatter with 
increasing cold work has also been seen for 
these alloys. On the other hand, the use of 
cold-drawn bar does not consistently bene- 
fit the machined surface finish of a free- 
machining alloy (S30300). 

Additions of manganese or copper can 
increase the machinability (Fig. 22) and 
decrease the high work-hardening rate of 
the lower-alloy austenitic stainless steels 
(Ref 19, 45-48). Austenitic free-machining 
alloys that have additions of manganese and/ 
or copper include 520300, 530310, 530330, 
and 530431. Although higher alloy content 
generally reduces work-hardening rate, it 
may not necessarily benefit machinability. 
Highly alloyed austenitic stainless steels, 
such as 530900, 531000, and 308020, tend to 
be more difficult to machine (Ref 38, 39). 

Carbon and nitrogen can affect work- 
hardening rate and will increase the strength 
and hardness of austenitic stainless steels. 
Higher levels of either or both elements will 
decrease machinability (Fig. 23). Conse- 
quently, the high-nitrogen austenitic alloys, 
such as S20910 and $28200, are more diffi- 
cult to machine than the standard lower- 
nitrogen austenitic alloys (Ref 38). 

Strong carbide/nitride-forming elements, 
including titanium and niobium, are used in 
stainless steels such as 532100 and 534700 
to prevent grain-boundary carbide, which 
can reduce intergranular corrosion resis- 
tance. However, the carbide/nitride inclu- 
sions are abrasive and will increase tool 
wear (Fig. 24). 

Duplex Alloys. The machinability of du- 
plex stainless steels is limited by their high 
annealed strength level. Figures 25 and 26 
compare the machinability of a duplex al- 
loy, $32950, with that of a high-nitrogen aus- 
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tenitic alloy, $20910, and a conventional aus- 
tenitic alloy, 531600, in standard (0.004% S) 
and enhanced-machining (0.027% S) ver- 
sions. The duplex alloy (832950) has a hard- 
ness level comparable to that of the high- 
nitrogen austenitic alloy (520910), but 
provides better machinability. However, it 
does not machine as well as either the stan- 
dard or the enhanced-machining S31600 al- 
loy. 

Other nitrogen-bearing duplex alloys are 
expected to machine similarly to 532950. 
No enhanced-machining versions of duplex 
alloys are available. 

Precipitation-Hardenable Alloys. The 
machinability of precipitation-hardenable 
stainless steels depends on the type of alloy 
and its hardness level. Martensitic precipi- 
tation-hardenable stainless steels are often 
machined in the solution-treated condition; 
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therefore, only a single aging treatment is 
required afterward to reach the desired 
strength level. In this condition, the rela- 
tively high hardness limits machinability. 
Most of these alloys machine comparably 
to, or somewhat worse than, a standard 
austenitic alloy such as 530400. Alloy 
517400 is available in enhanced-machining 
versions that allow machining at higher 
speeds with a significantly reduced tenden- 
cy toward chatter. 

Martensitic precipitation-hardenable stain- 
less steels can also be machined in an aged 
condition so that heat treating can be avoided 
and closer tolerances maintained. The ease of 
cutting generally varies with the hardness or 
heat-treated condition (Table 3). 

In the annealed, austenitic condition, 
semiaustenitic alloys can be expected to 
machine with difficulty, somewhat worse 
than an alloy such as 530200, which has a 
high work-hardening rate. Alloys S35000 
and 535500 can be supplied in an equalized 
and overtempered condition, which wil 
provide the best machinability. As with the 
itation-hardenable alloys, 
machining difficulties increase with aged 
hardness level. 

Austenitic precipitation-hardenable al- 
loys, such as S66286, machine quite poorly, 
requiring slower cutting rates than even the 
highly alloyed austenitic stainless steels 
(Ref 38). Machining in an aged condition 
will require even slower speeds. 


General Guidelines 

The characteristics of stainless steels that 
have a large influence on machinability in- 
clude: 











© Relatively high tensile strength 

€ High work-hardening rate, particularly 
for the austenitic alloys 

* High ductility 


These factors explain the tendency of the 
material to form a built-up edge on the tool 
during traditional machining operations. 
The chips removed in machining exert high 
pressures on the nose of the tool; these 
pressures, when combined with the high 
temperature at the chip/tool interface, cause 
pressure welding of portions of the chip to 
the tool. In addition, the low thermal con- 
ductivity of stainless steels contributes to а 
continuing heat buildup. 

The difficulties involved in the traditional 
machining of stainless steels can be mini- 
mized by observing the following points: 


e Because more power is generally re- 
quired to machine stainless steels, equip- 
ment should be used only up to about 
75% of the rating for carbon steels 

е To avoid chatter, tooling and fixtures 
must be as rigid as possible. Overhang or 
protrusion of either the workpiece or the 
tool must be minimized. This applies to 
turning tools, drills, reamers, and so on 

© To avoid glazed, work-hardened surfac- 
es, particularly with austenitic alloys, a 
positive feed must be maintained. In 
some cases, increasing the feed and re- 
ducing the speed may be necessary. 
Dwelling, interrupted cuts, or a succes- 
sion of thin cuts should be avoided 

€ Lower cutting speeds may be necessary, 
particularly for nonfree-machining auste- 
nitic alloys, precipitation-hardenable 
stainless steels, or higher-hardness mar- 
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Tool life, in. 
D 1 2 3 4 5 6 7 B 
т T 
| 
520910, | Speed: 38 m/min 
98HRB Feed: 0.15 mm/rev 
Unlubricated 
532950, 
100 HRB 
T | 
531600, 
79 HRB 
31600, | | 
enhanced- TER 
machining (0.027% 5), ou ad 
76 HRB | 
0 20 40 60 80 100 120 140 160 180 200 220 
Tool life, mm. 
Fig. 25 Comperien of too! life for a duplex stainless steel (532950), а high-ritrogen austenitic stainless steel 
9. (520910), and a lower-nitrogen austenitic stainless steel (531600). Too! life is measured os the distance 


traveled along a 25 mm (1.0 in.) diam bar until tool failure. Shaded areas represent distance to failure. 


Drill penetration, in. 






























































0 005 010 015 
520910, | | 
d 15 s test 
98 HRB 45 g load 
532950, 
100 HRB 
Å 
531600, 
79 HRB — 
531600, | | 
enhanced- 
machining, 
76 HRB | 
—. —ї 1 
0 05 1 15 2 25 3 35 4 45 
Drill penetration, mm 
Fig. 26 Comparison of machinabilty in a drill penetration test for a duplex stainless steel (532950), а high-ritrogen 
в. austenitic stainless steel (520910), and a lower-nitrogen austenitic stainless steel (531600) 
Side rake Top or 
angle back rake angle 
5-10* 5-10* 
Side Ей 
cutting 
edge 
or 
5-8* 
"n side clearance 7-10° 
15 or side гене! angle —*l front clearance or 
End cutting edge end relief angle 
angle 8-15° 
(a) (b) С] 


Suggested geometries for single-point turning tools used on stainless steels. (o) Plon view. (b) End view. 


Fig. 27 (E. 





Table 3 Relative machinability of 
$17400 in various heat-treated 
coni 


Condition 








"Typical hardness, HRC 





Improved machinability (higher cutting speed) 





н11%0М.......... „@ 
H1150 : cesa dicare: dd 
Нн1075........ 36 
A (solution 1гелїей)............... 34 

кау нир чун 38 
H900.. 44 





Improved surface finish 


Source: Ref 51 





tensitic alloys. Excessive cutting speeds 
result in tool wear or tool failure and 
shutdown for tool regrinding or replace- 
ment. Slower speeds with longer tool life 
are often the answer to higher output and 
lower costs 
* Tools, both high-speed steel and car- 
bides, must be kept sharp, with a fine 
finish to minimize friction with the chip. 
A sharp cutting edge produces the best 
surface finish and provides the longest 
tool life. To produce the best cutting edge 
on high-speed steel tools, 60-grit roughing 
should be followed by 120- and 150-grit 
finishing. Honing produces an even finer 
finish 
Cutting fluids must be selected or modi- 
fied to provide proper lubrication and 
heat removal. Fluids must be carefully 
directed to the cutting area at a sufficient 
flow rate to prevent overheating 


Machining stainless steel without a cut- 
ting fluid is usually restricted to low produc- 
tion quantities or to specific operating con- 
ditions in which use of cutting fluid is 
impractical, such as the machining of large 
workpieces or complex shapes. Complex 
shapes are sometimes machined dry to 
avoid entrapment of fluid that would impair 
subsequent processing or service. 

The use of a cutting fluid is more desir- 
able for machining stainless steels than for 
machining carbon or alloy steels for two 
reasons. First, stainless steels are generally 
less machinable than carbon or alloy steels, 
and second, the lower heat conductivity of 
stainless steels increases the need for cool- 
ing. 

Water-soluble oils {usually in proportions 
of 1 part oil to 12 to 20 parts water) and 
sulfochlorinated cutting oils (having a vis- 
cosity of 300 SUS maximum at 38 °C, or 100 
°F) are the cutting fluids most widely used 
in machining stainless steels. 

Water-soluble oils are used for most sin- 
gle-point tool operations such as turning 
and boring. Soluble oils cost less than sul- 
fochlorinated oils, are easy to supply to the 
cutting area in copious amounts, and func- 
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Table 4 Nominal turning parameters for wrought stainless steels—single point and box tools 
Depending on actual machining conditions, optimum porameters may be higher or lower thon those given. 

















: : T : 
—" З 

Depth orcad) Speed теа Toot | Spent, brazed юзе брен, contd Feed Tod 

UNS designation(al Depth ОГ) mim Чи marey юле эшш mmia sm тюш sm шша п төгү ШТ" material 

Free-machining alloys 

Ferritic alloys. 

518235, 543020, 543023 ....... 3.8 0.150 50 165 0.38 0.015 M2/M3 155 510 175 575 229 750 0.38. 0.015 C6.CC6/ 
0.75 0.030 56 185 0.18 0.007 175 575 198 650 259 850 0.18 0.007 C7,CC7 

518200. pritsis: s38 0.150 53 175 038 0.015 M2/M3 160 525 183 600 236 75 0.38 0.015 C6,CC6! 
0.75 0.030 61 200 9.18. 0.007 183 6% 206 675 267 875 0.18 0.007 ст.сс7 

Martensitic alloys 

541600, S41610, 541623 wise KB 0.150 53 175 0.38 0.015 M2/M3 160 525 183 600 236 715 0.38 0.015 | C6.CC6^ 
0.75 0.030 6l 200 0.18. 0.007 183 600 2% 675 267 875 0.18 0.007 С?.СС7 

42020, 542023............... 38 0.150. 3 105 0.38 0.015 TISM42 130 425 152 500 183 600 0.38 0.015 C6 CCH 
0.75 0.030 40 130 0.18 0.007 152 500 175 575 206 675 0.18 0.007 €7,CC7 

544020, $44023............... 38 0.150 26 85 0.38 0.015 TISMA 114 375 130 425 160 525 0.38 0.015  C6,CCó/ 
025 0.030 30 100 0.18. 0.007 130 425 145 475 175 575 0.18. 0.007 ccc? 


Austenitic alloys 





.38 озо м по (03 00S MYM3 13W 45 MS 475 175 5% Оза 0.015 








075 0050 40 130 оз 007 152 500 168 5% 2153 70 о 0.007 
530323, 530330, 530345. 
530431, 531620, 
534720, 534723.. 38 0150 27 9o оз 0015 тум 107 3590 2 аш 60 505 038 0015 CLCC 
075 04030 32 105 018 0007 12 а00 137 450 з 600 о 0007 CACC3 





Nonfree-machining alloys 
Ferritic alloys 





38 мю 30 10 озв 0015 м2мз 122 400 137 40 183 000 (38 0.015 С6.СС6/ 
075 0.030 в QS 018 0.007 152 500 16k 550 229 70 о 0.07 С?ССТ 
844200, 544300, 544400 
544600. 0150 27 90 038 0015 тум 107 350 12 400 в 550 038 0015 C Ccx 
ооо 34 10 018 0.007 1). 450 152 500 213 а ом 0007  C3CC3 





Martensitic alloys 
540300, 541000. оло мю Q0 оз 05 мәм 12 49 137 40 з 60 038 0015 Сессе 


0.030 38 15 018 0.007 152 500 168 550 229 750 018 — 0.007 ст.ст 





541400, 542000, 542010. 
* жю 038 0015 СыССЕ 





843100 .. .38 мо 26 85 038 0015 тум 107 350 114 375 
075 000 0 мо оз 0.007 па Xs 137 450 60 бї 0.007 С7,СС7 
544002, 544003, 544004 ....... 38 ою 20 65 038 0015 Тум 84 275 — 901 W 375 0.38 — 0015 CCH! 
075 0.030 24 ю оз 0.007 п07 350 1M 35 19 5 ом 007 ССС? 


Austenitic alloys 
20100, 530100, 530200, 
530400, 530403, 530430. 
530500. 531600, 531603. 
З. R7, S3849,... 54. ою 26 05 038 oos тым 9 xs 07 39 17 450 038 0015 CALCCI 











(75 0030 30 10 018 0.007 197. 350 102 ш 160 55 Оз 0007 CACC3 
30900, S30908, 531000, 
531008, 531700. 531703 ..... 8 0.150 — 23 з 038 0.015 тум? ж 30 99 XS 00 425 0.015 С2,СС2/ 
075 0030 27 90 018 0.007 99 325 us X5 152 500 0007 СЗ,ССЗ 
520910, 521904, 524100. 
528200, 530452, №08020..... 38 0.150 17 ss оз ооз тум з 5 6 ж 76 250 038 0415  CACCY 
075 000 21 70 018 0.007 ы 20 76 20 91 3X0 oig 0007 СЗ,ССЗ 
Duplex alloys 
531803, 532550, 532900, 
SABI „вани .38 0150 23 45 оз oos тум 91 ж 99 XS 10 405 038 0015  CLCON 





075 000 27 90 018 007 9 325 04 35 152 50 ом 0007 3,003 

Precipitation-hardenable alloys(a) 

515500, 517400, 517700, 

515000 ...... ecce МШШ Ж $0 оз 0015 тум 91 39 107 350 137 450 038 0015 
075 0.030 29 95 018 0.007 107 350 122 400 160 525 018 0007 

513800, 535000. 535500, 





545500 . 38 oio 23 35 038 0015 Тум ва 275 99 325 13W 425 038 0015 
0.75 000 27 %9 бї 0.007 99 x5 14 375 192 5 018 0.007 

$662986. eee MP 010 15 $0 038 0015 тум? 76 2% 91 жю 07 350 038 0015 
075 0030 18 60 018 0.007 әт 300 107 350 12 40 018 0.007 


(t) All machining parameters given are for material in the annealed condition (140-270 HB) except the precipitation hardenable grades, Wiehe solution treated (150-325 HB) or equalized and overtempered 

d AM nag PALA For raateral heat treated or cold drawn to bardnesses higher than their normal annealed (or softest) level. Бем ТЕЗЕ ai obtained by reducing speeds by approximately 10% to as 

for 35009 and 535500. Рот metae Premium high speed steel or carbide tooling may also be required to cut high-hardness material, (В) The д 5 mm (р 040 in.) depth of cut represents conditions for a 

fiint cut. while the 3-8 mm (0.150 in ТЕК ЫГА represents conditions for а roughing cut. tc) Any premium high-speed steel (T15. M33, M41-47) can be used where the designated tool material is TIS. 
142, Source: Ref 38, 52 








tion as an acceptable means of cooling and ing machines when several operations take turning, boring, or milling of stainless 
flushing away chips. Soluble oils are also place consecutively or simultaneously. steels, although there are operating condi- 
successfully used for milling and for ma- Sulfochlorinated or other additive-type tions for which sulfochlorinated oils have 
chining in turret lathes and bar and chuck- cutting oils are infrequently used for the proved to be the best choice. Examples of 
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Table 5 Nominal turning parameters for wrought stainless steels—cutoff and form tools 
Depending on actual machining conditions, the optimum parameters moy be higher or lower than those given. 
























































„ L———— — Feed, mmires (in.irev) for tool width of: Tool 
UNS designation(a) minia ide) “6mm (isla) em (my ба тт (Иа) 13 mm (Ye in.) 25 mmm (1 in.) 38 mm (142 in.) — Sümm(Qin)  materinka)b)c) 
Free-machining alloys 
Ferritic alloys 
518235, 543020, $43023 ....... 46 (150) 0.038 (0.0015) 0.05 (0.002) 0.064 (0.0025) 0.064 (0.0025) 0.05 (0.002) 0.038 (0.0015) 0.025 (0.001) M2, M3 
122 (400) 0.038 (0.0015) 0.05 (0.002) 0.064 (0.0025) 0.064 (0.0025) 0.05 (0.002) 0.038 (0.0015) 0.025 (0.001) Ce 
518200... + 50 (165) 0.038 (0.0015) 0.05 (0.002) 0.064 (0.0025) 0.064 (0.0025) 0.05 (0.002) 0.038 (0.0015) 0.025 (0.001) M2.M3 
130 (425) 0.038 (0.0015) 0.05 (0.002) 0.064 (0.0025) 0.064 (0.0025) 0.05 (0.002) — 0.038 (0.0015) 0.025 (0.001) Ch 
Martensitic alloys 
541600, 541610, 541623 + 46 (150) 0.05 (0.002) 0.064 (0.0025) 0.075 (0.003) 0.064 (0.0025) 0.05 (0.002) 0.038 (0.0015) 0.025 (0.001) M2,M3 
1224400) 0.05 (0.002) 0.064 (0.0025) 0.075 (0.003) 0.064 (0.0025) 0.05 (0.002) 0.038 (0.0015) 0.025 (0.001) C6 
542020, 542023 30 (100) 0.038 (0.0015) 0.05 (0.002) 0.064 (0.0025) 0.05 (0.002) 0.038 (0.0015) 0.025 (0.001) 0.025 (0.001) M2,M3 
99 (325) 0.088 (0.0015) 0.05 (0.002) 0.064 (0.0025) 0.05 (0.002) 0.038 (0.0015) 0.025 (0.001) 0.025 (0.001) Св 
544020, $44023........ 23(75) 0.025 (0.001) 0.038 (0.0015) 0.051 (0.002) 0.05 (0.002) — 0.028 (0.0015) 0.025 (0.001) — 0.025 (0.001) M2,M3 
76 (250) 0.025 (0.001) 0.038 (0.0015) 0.051 (0.002) 0.05 (0.002) — 0.038 (0.0015) 0.025 (0.001) 0.025 (0.001) Св 
Austenitic alloys 
520300, 530300, $30310, 
530360 . окре 30 (100) 0.038 (0.0015) 0.05 (0.002) 0.064 (0.0025) 0.05 (0.002) 0.038 (04015) 0.025 (0:001) 0.025 (0.001) M2.M3 
99 (325) 0.038 (0.0015) 0.05 (0.002) 0.064 (0.0025) 0.05 (0.002) 0.038 (0.0015) 0.025 (0.001) 0.025 (0.001) C6 
530323, $30330, 530345, 
530431, 531620, 534720, 
534723 ........ ъ 24(80) 0.038 (0.0015) 0.05 (0.002) 0.05 (0.002) 0.05 (0.002) 0.038 (0.0015) 0.025 (0.001) 0.025 (0.001) M2,M3 
91 (300) 0.038 (0.0015) 0.05 (0.002) 0.05 (0.002) 5 (0.002) 0.098 (0.0015) 0.025 (0.001) 0.025 (0.001) c2 
Nonfree-machining alloys 
Ferritic alloys 
40500, 540900, 543000, 
543400 .. eese. 27490) 0:025 (0.001) 0.038 (0.0015) 0.05 (0.002) 0.05 (0.002) 0.038 (0.0015) 0.038 (0.0015) 0.025 (0.001) M2,M3 
99 (325) 0.025 (0.001) 0.038 (0.0015) 0.05 (0.002) 0.05(0.002) 0038 (0.0015) 0.038 (0.0015) 0.025 (0.001) св 
544200, 544300, 544400, 
544600 + 24(80) 0.025 (0.001) 0.038 (0.0015) 0.05 (0.002) 0.05 (0.002) 0.038 (0.0015) 0.038 (0.0015) 0.025 (0.001) M2,M3 
91 (300) 0.025 (0.001) 0.058 (0.0015) 0.05 (0.002) 0.05 (0,002) 0.038 (0.0015) 0.038 (0.0015) 0.025 (0.001) C6 
Martensitic alloys 
540300, 541000. - 27490) 0.038 (0.0015) 0.05 (0.002) 0.064 (0.0025) 0.05 (0.00) 0.05 (0:002) 0.038 (0.0015) 0.025 (0.001) M2,M3 
99 (325) 0.038 (0.0015) 0.05 (0.002) 0.064 (0.0025) 0.05 (0.002) 0.05 (0.002) 0.038 (0.0015) 0.025 (0.001) C6 
541400, 542000, 542010, 
543100 .. 23075) 0.025 (0.001) 0.038 (0.0015) 0.05 (0.002) 0.05 (0.002) 0.038 (0.0015) 0.038 (0.0015) 0.025 (0.001) M2,M3 
84 (275) 0.025 (0.001) 0.038 (0.0015) 0.05 (0.002) 0.05 (0.002) 0.038 (0.0015) 0.038 (0.0015) 0.025 (0.001) C6 
544002, 544003, S44004 ....... 15 050) 0.025 (0.001) 0.038 (0.0015) 0.05 (0.002) 0.05 (0.002) 0.038 (0.0015) 0.038 (0.0015) 0.025 (0.001) M2.M3 
61(200) 0.025 (0.001) 0.038 (0.0015) 0.05 (002) 0.05(0.002) 0:038 (0.0015) 0.038 (0.0015) 0.025 (0.001) св 
‘Austenitic alloys 
520100, 530100, 530200, 
530400, 530403, 530430, 
530500. 531600. 531603, 
832100, 534700, S38400 ..... 23 (75) 0.038 (0.0015) 0.038 (0.0015) 0.05 (0.002) 0.05 (0.002) 0.03% (0.0015) 0.025 (0.001) 0.025 (0.001) M2,M3 
84 (275) 0.038 (0.0015) 0.038 (0.0015) 0.05 (0.002) 0.05 (0.002) 0.038 (0.0015) 0.025 (0.001) 0.025 (0.001) ce 
830900. 530908, 831000. 
531008, 531700, S31703 ..... 21070) 0.038 (0.0015) 0.038 (0.0015) 0.05 (0.002) 0.05 (0.002) 0.038 (0.0015) 0.038 (0.0015) 0.025 (0.001) M2,M3 
76 (250) 0.038 (0.0015) 0.038 (0.0015) 0.05 (0.002) 0.05 (0.002) 0.038 (0.0015) 0.038 (0.0015) 0.025 (0.001) с? 
520910, 521904, 824100, 
528200, 530452, NOB020..... 12 (40) 0.025 (0.001) 0.038 (0.0015) 0.038 (0.0015) 0.038 (0.0015) 0.038 (0.0015) 0.025 (0.001) 0.025 (0.001) ма2,Т15 
46 (150) 0.025 (0.001) 0.038 (0.0015) 0.08 (0.0015) 0.038 (0.0015) 0.038 (0.0015) 0.025 (0.001) 0.025 (0.001) c2 
Duplex alloys 
531803, 532550, 532900, 
832950 .................... 21 00) 0038 (0.0015) 0.038 (0.0015) 0.05 (0.002) 0.05 (0.002) 0.038 (0.0015) 0.038 (0.0015) 0.025 (0.001) M2,M3 
76 (250) 0.038 (0.0015) 0.038 (0.0015) 0.05 (0.002) 0.05 (0.002) 0.03 (0.0015) 0.038 (0.0015) 0.025 (0.001) с? 
Precipitation-hardenable alloys(a) 
515500, 517400, 517700, 
cour MAN ve 20(65) 0.025 (0.001) — 0.038 (0.0015) 0.05 (0.002) 0.038 (0.0015) 0.025 (0.001) 0.025 (0:001) 0.013 (0.0005) — M42Z,TIS 
61 (200) 0.025 (0.001) 0.038 (0.0015) 0.05 (0.062) 0.038 (0.0015) 0.025 (0.001) 0.025 (0.001) 0.013 (0.0005) c2 
513800, 535000, 535500, 
845500... 1$150) 0.025 (0.001) 0.038 (0.0015) 0.05 (0.002) 0.038 (0.0015) 0.025 (0.001) 0.025 (0.001) 0.013 (0.0005) — M42,TIS 
53 (175) 0.025 (0.001) 0.038 (0.0015) 0.05 (0.002) 0.03% (0.0015) 0.025 (0.001) 0.025 (0.001) 0.013 (0.0005) c2 
S66286 . + M4 (45) 0.025 (0.001) 0.038 (0.0015) 0.05 (0.002) 0.038 (0.0015) 0.025 (0.001) 0.025 (0.001) 0.013 (0.0005) M42,T15 
49 (160) 0.025 (0.001) 0.038 (0.0015) 0.05 (0.002) — 0.038 (0.0015) 0.025 (0.001) 0.025 (0.001) 0.013 (0.0005) c2 
(9 All machining parameters given are for material in the annealed condition (140-270 HB) except the precipitation-hardenable grades, which are solution treated (150-325 HB) or equalized and overtempered 
for $3500 and 535500. For material heat treated or cold drawn to hardnesses higher than their normal annesled or softest level, best results are obtained by reducing speeds by approximately 10 fo as 





much as 60% at the higher hardnesses, Premium high-speed steel or carbide tooling may also be required to cut high-hardness material, tb) Any premium high-speed steel (115, M33. M41-47] can be used 


where the designated tool material is TIS, M42. с) Tool widths of 1.6-13 mm (Vis-/ in.) are for cutoff tools and 29-50 mm (1: 





їп.) for form tools, Source: Ref 38, 52 





such conditions are excessively hard work 
metal, the use of high-speed steel tools 
(because of interrupted cutting), and critical 
surface finish requirements. 

Stainless steels are drilled with twist drills 
using soluble oil, although as the depth of 


hole increases, the frequency of using sul- 
fochlorinated or other additive oils in- 
creases. Soluble oil is typically used for the 
reaming of stainless steels. The gun drilling 
or other deep-hole drilling of stainless steels 
is generally done with sulfochlorinated or 


other additive-type oils. When additive oils 
are used, viscosity should be no higher than 
300 SUS at 38 °C (100 °F) in order to permit 
the necessary flow. 

For the broaching of stainless steels, best 
results are obtained with additive-type cut- 











694 | Machining of Specific Metals and Alloys 


Table 6 Nominal drilling parameters for wrought stainless steels 
Depending on octual machining conditions, the optimum parameters may be higher or lower than those given. 








































































‘Speedta). —— Feed, mmirey (in./rev), at a nominal hole diameter ofi — — — — — — — Tool 
UNS designation киш ыш)  LémmiWeun) 3.2m (48 in.) é4mm(4in) Dmm) 25mm (1 in.) 28 mm (12 in.) materialia) 
Free-machining alloys 
Ferritic alloys 
518235, 543020, 54302: 46 (150) 0.025 (0.001) 0.075 (0.003) 0.15 (0.006) (0.010) 0.43 0.017) 0.53 (0.021) 0.635 (0.025) M1,M7.M10 
518200 à 49 (160) 0.025 (0.001) 0.075 (0.003) 0.15 (0.006) (0.010) 043 (0.017) 0.53 (0.021) 0.635 (0.025) M1,M7,M10 
Martensitic alloys 
541600. $41610, 541623 ‚ 40 (130) 0.025 (0.01) 0.075 (0.003) 0.15 (0.006) — 0.25 (0.010) 0.4300.017) 0.53 (0.021) 0.635 (0.025) M1,M7,M10 
542020, 547023 .... 26 (85) 0.025 (0.001) 0.075 (0.003) 0.15 (0.006) 0.25 (0.010) 0.43 00.017) 0.53 (0.021) 0,635 (0.025) МІ.М7,М10 
544020. 44023... 18 (60) 0.025 (0.001) 0.075 (0.003) 0.15 (0.006) 0.25 (0.010) 0.43 (0.017) 0.53 (0.021) 0.635 (0.025) MI,M7,MIO 
Austenitic alloys 
520300, 530300, S30310 
83036) 22-05 ; 30 (100) 0.025 (0.001) 0:075 (0.003) 0.15 (0.006) — 0.25 (0.010) 0.43 (0.017) 0.53 (0.021) 0.635 (0.025) M1,M7.M10 
530323, 530330, 530345, 
530431, 531620, 34720, 
534723 2058 0.025 (0.001) — 0.05 (0.002) — 0.100.004) 0.175 (0.007) 0.30 00.012) 0.38 (0.015) 0.46 (0.018) МІ,М7,МІ0 
Nonfree-machining alloys 
Ferritic alloys 
540500, $40900, S43000 
543400 азу 18-21 (60-70) 0.025 (0.001) 005 40.002) — 0.100.004) 0.175 (0.007) 0.300.012) — 0.38 (0.015) — 0.46 (0.018) — MI,M7.MIO 
544200, 544300, 544400, 
S44600 rts . 15-20 (50-65) 0.025 (0.001) — 0.05 10.002) — 0.100.004) 0.175 (0.007) 0.300.012) 0.38 (0:015) 0,46 (0018) — MI,M7.MIO 
Martensitic alloys 
540300, S41000.............. 18-21 (60-70) 0.025 (0.001) 0.075 (0008) 0.15 0:006) 0.25 (0.010) 0.41 (0.016) 0.53 (0.021) 0.635 (0.025) M1,M7,M10 
541400, 542000, 542010, 
543100 е 15-18 (50-60) — 0.025 (0.001) 0.075 (0.003) 0.15 (0.006) 0.25 (0.010) 0.41 (0.016) 0.53 (0.021) 0.635 (0.025) MILM7.MI0 
544002, 544003, 544004 12-15 (40-50) 0.025 (0.001) 0.075 (0.003) 0.15 (0.006) 0.25 (0.010) 0.41 (0.016) (0:021) 0.635 00.025) ММТМ 
Austenitic alloys 
520100, 530100, 530200. 
530400, 530403, 530430, 
530500, 531600, 531603, 
532100, 534700, S38400.... 15-18 (50-60) 0.025 (0.001) 0.05 (0.002) 0.100004) 0.175 (0.007) 0.300012) 0.38 0.0158) 046 (0.018)  MI.M7,MIO 
530900, 53008, 531000. 
551008. 531700, 531703 .... 12-15 (40-50) 0.025 (0.001) 0.05 10002) 0.100.004) 0.175 (0.007) — 0.300.012) 0.38 (0.015) 0,46 (0.018) MI,M7.MIO 
520910, 521904, 524100, 
S28200, 510452, №08020 ... 9-14 (30-45) 0.005 (0001) 0.05 (0.002) 0.100.000) 0.175 (0.007) — 0.300.012) 0.38 (0.015) 0.46 (0.018) M42,T15(b) 
Duplex alloys 
531803, 532550, 532900, 
532950 . 2... 00-15 (40-50) 0.025 (0001) 005 (0002) — 0.100.004) 0.175 0.007) 0.30 00.012) — 0.380.015) — 046 (0.018) МІ,М7,М10 
Precipitation-hardenable alloys 
515500. 517400, 517700. 
545000... Iss 15си (50-60) 0:025 (0.001) 0.05 (0.002) — 0.100.000 0.175 (0.007) 0.25 00.010) 0.30 (0.012) 0.38 (0.015) M42.T15(b) 
513600, 5 
12-15 (40-50) 0.025 (0.000) 0.05 (0.002) 0.100.004) 9.175 (0.007) 0.25 (0.010) 0.300.012) 0.38 (0.015) M42,T15(b) 
812 5-40) 0.005 (0001) 0.05 (0.002) 0.10 (0.004) 0175 (0.007) 0.25 00.010) 0.300.012) 0.38 (0.015) —MÁ2,TISQb) 





(a) All speeds given are for material in the annealed condition (140-270 HB) excey 
than t 


and 535500. For material heat treated or cold drawn to bardaesses higher 


depending on hardness. Premium high-speed steel or carbide drills may a 


tool material is TIS, M42. Source: Ret 38, 52 


for the preci 


iation-hardenable grades, which are solution treated (180 
ir normal annealed or softest level, best results are obtained by reducing speeds by apt 
liso be necessary at the higher hardnesses. (b) Any premium high-speed steel (T15. M33. M41-4 





325 HB) or equalized and overtempered for 535000 
roximately 25% to ax much as 75% 
h can be used where the designated 











7-10* 
back rake 


3 тт above center 


5-10° 
back rake 








3 mm above center 


ting oils. The same applies to tapping and to 
die threading. Soluble oil is used for sawing 
stainless steels. 

Sulfochlorinated Oils. In the machining 


of stainless steels, two types of sulfurized 


oil are recommended: 


* A sulfochlorinated petroleum oil contain- 
ing active sulfur and approximately 8 to 
10% fatty oil. Viscosity is approximately 
200 SUS at 38 °C (100 °F) 

е А sulfochlorinated petroleum oil contain- 
ing active sulfur without a fatty-base oil. 
Viscosity is approximately 130 SUS at 38 
°C (100 °F) 


Work Work 





7-10* clearance 7-10° clearance 





28 Suggested geometries for circular cutoff 
g. tools used on stainless steels 


i Suggested geometries for circular form 
Fig. 29 оо used on stainless steels 














9-15" 
lip clearance 
Point angle 
135* 
Cutting lip 


Approximately 12 1/2% Dead center 


diameter of drill 


i Suggested geometries for drills used on 
Fig. 30 ines steels 


The first oil is generally used for the non- 
free-machining types of stainless steels, 
while the second oil is usually preferred for 
the free-machining alloys. 

Either of these oils, depending on the 
work being done, can be used straight or 
thinned with a blending oil, the best of 
which is paraffin oil. Normally, a 1:1 mix- 
ture of sulfurized oil with paraffin oil is used 
initially. If excessive tool wear occurs, 
more paraffin blending oil should be added. 
If the chips weld to the tool or if the tool 


Relief Б-у 
x 01 mm 


а — — 0] 
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Relieved to cutting edge. 


e Ы 





Concent v] Back relief 
Е angle 


/ Back relief 
angie 2 Positive rake 





(e) 


Fi 31 Relief of lands on taps. (a) Lands concentric with hole. (b) Londs fully eccentric with hole, with full relief. 
g. (c) Lands portly concentric with hole, but with final relief 


burns, there may be too much paraffin 
blending oil in the mixture. In that case, an 
addition of more sulfurized oil is indicated. 

The following are suggested starting 
points for mixtures of sulfurized oils and 
paraffin oil for various types of machining 
operations: 


@ When using high-speed, light-feed auto- 
matic screw machines, principally for 
turning, forming, and cutoff operations 
with the free-machining alloys, one part 
sulfurized oil to five parts paraffin oil is 
suggested 

* When using screw machines at normal ог 
average speed or performing operations 
that include threading, tapping, drilling, 
and milling of the free-machining alloys. 

ulfurized oil to three parts par- 

suggested 

© For coarse bolt threading, nut tapping, pipe 
threading, and broaching, one part sulfur- 
ized oil to two parts paraffin oil is suggested 








Ы 


Relief c 
«M 


* In general, when machining the austenitic 
stainless steels (except the free-machin- 
ing type), a mixture of one to one of the 
first oil type (8 to 10% fatty oil) and paraffin 
oil is suggested. Care must be exercised to 
ensure that the viscosity of the cutting fluid 
is sufficiently low to allow it to reach the 
point of cutting. Usually 120 SUS at 20°C 
(70 °F) is satisfactory 

A good criterion for starting new jobs is 
to remember that the more difficult the 
steel is to machine, the more sulfurized 
oil is needed. For the free-machining 
steels, the mixture can contain a larger 
percentage of paraffin-base oil 


Emulsifiable Fluids. Water-emulsifiable 
(water-soluble) cutting fluids are applicable to. 
machining stainless steels, particularly in sit- 
uations that require greater cooling capabili- 
ty. However, the water-base fluids are unsuit- 
able in those cases in which the cutting fluid 


0.090 mm 








(e 


[7 


Fig. 32 Progressive modification of tap design for tapping 74-32 threads in stainless steel valve bonnets. (a) Original design: four-flute plug top with conventional relief. 
g. life: 2 holes. (b) Changed to two-flute tap with spiral point and 70% land relief. Life: 8 holes. (с) Two-flute top improved by full relief and removal of all but 17 
threads. Life: 264 holes. (d) Final design: three-flute tap with full relief. Life: 3000 holes. Tap shown in (a) underwent five revisions before final design (d), which produced o 
1500-fold increase in tool life in topping 6 mm (/4 in.) diam holes in valve bonnets of soft austenitic stainless steels (930400, 531600, ond N08330). Two intermediate redesigns 
оге shown in (b) and (c). Taps of all designs were of M2 high-speed steel and had standard lead and hook angles. 
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Table 7 Nominal tapping parameters for wrought stainless steels 
Depending on actual machining conditions, optimum parameters may be higher or lower than those given. 





Speedia), m/min (sfm), at a pitch 


(threads per 25 mm, or З 
гт re кра — 


















































UNS designation 16-24 Tool materialo) 
Free-machining alloys 
Fer joys 
543020, 518235, $43023 .... 6 (20) 9 (30) 14 (45) 15 (50) MI,M7,M10 
51200. oer 6 (20) 90 14 45) 15 (50) M1,M7,M10 
Martensitic alloys 
$41600, $41610, 541623 6 (20) 90 14 (45) 15 (50 M1,M7.M10 
542020, S423. ....... 509 к 05) 165 12 (40) MLM7.MIO 
544020, 544023 4(12) 5.5 (18) 67 (22) 805) MIM7,MIO 
Austenitic alloys 
520300, $30300, 530310, 
A DN e AE 5015) 8 05) nas 12 (40) MI.M7,MIO 
530323, 530330, 
530431. 531620, 53 
Ж оне 402) 6 (20) 9.30) "nas MI.M7.MIO 
Nonfree-machining alloys 
Ferritic alloys 
40500, 540900, 543000, 
S43400 cioe ze rever айги. sas 805 nas 1:640) M1.M7.M10 
544200, 544300, 544400, 
S44600 ... sss 402 6 (20) 900 "nas MI.M7.MIO 
Martensitic alloys 
40300, $41000...................... 5 (15) 805 nas 1260) MIM7.MIO 
541400, 542000, 542010. 
543100 ; 402 5.5 (18) 805 900 MLM7.MIO 
844002, 544003, 544004 . 309 402) 5 (16) 6 (20) Nitrided 
M1,M7,M10 
Austenitic alloys 
20100, 830100, $30200, 
532100, 534700, 538400 ............ 402) 5.5 (18) 6.7 (22) 8 (25) MIM7.MIO 
530900, 530908, 531000, 
531008, 531700, $31703 а 00) 4.5 (15) 6 (20) 703) M1.M7.M10 
820910, 521904, 524100, 
528200, 530452, NORO20. . 300 402 5016) 60) Nitrided 
MLM7MIO 
Duplex alloys 
831803, 532550, 532900, 
532950 . е 402 4.5 (15) 6 (20) 703) MIM7.MIO 
Precipitation-hurdenable 
515500, 517700, 
ansk 402 5508) 6.7 (22) 8 (25) MIM7.MIO 
309) 45 (15) 6 (20) 6.7 (22) МІ,М7,М10 
20) 402) 5.5 (18) 6 (20) Nitrided 
M1,M7,M10 


(a) A speeds given are for tapping 65-750 threads in sallow through holes. Speeds should be reduced when tapping blind holes deep 


holes, or higher percentage of 


thread. All speed» are for material in the annealed condition (140-270 HB) except the precipitation- 


hardenable grades, which ure solution treated (150-325 HB) or equalized and overtempered for 535000 and 535500. For material heat 
treated or cold drawn to hardnesses higher than the annealed or softest level. best results are obtained by reducing speeds by 
approximately 25% to us much as 60% depending on hardness. (b) Nitrided taps may be necessary for some grades at the higher hardness 


levels. Source: Ref 38, 52 





and machine lubrication oils have the poten- 
tial of mixing. Many of the water-emulsifiable 
fluids will not withstand some of the more 
severe cutting operations. Nevertheless, wa- 
ter-base fluids are successfully used in many 
machining operations, as discussed earlier. 

The cutting fluid should contain polar and 
extreme-pressure (EP) additives, and favor- 
able results have been obtained with some 
of the synthetic emulsifying systems. Com- 
pared to the cutting oils, the water-emulsi- 
fiable fluids can result in better machined 
surface finishes, less heat-affected zone in 
the tool, and therefore less regrinding and 
increased productivity for some grades of 
stainless steel. 








Turning 


Turning operations on automatic screw 
machines and turret lathes involve so many 
variables that it is impossible to make spe- 
cific recommendations that would apply to 
all conditions. Suggested tool angles, cut- 
ting speeds, and feeds are primarily starting 
points for each specific job. Table 4 lists 
reasonable speeds and feeds for single-point 
turning; Table 5, for cutoff and forming 





Single-Point Turning Tools. Grinding 
tools properly is particularly important in 
machining stainless steels. Figure 27 shows 
suggested starting geometries for high- 








speed steel single-point turning tools. Tools 
with a 5 to 10° positive top rake angle will 
generate Jess heat and cut more freely with 
a cleaner surface. It is also beneficial to 
select as large a tool as possible to provide 
a greater heat sink as well as a more rigid 
setup. To ensure adequate support for the 
cutting edge, the front clearance angle should 
be kept to а minimum, that is, 7 to 10°, as 
shown in Fig. 27. Austenitic stainless steels, 
because of their toughness and work-harden- 
ing characteristics, require tools ground with 
top rake angles on the high side of the 5 to 10° 
range to control the chips and may require 
increased side clearance angles to prevent 
rubbing and localized work hardening. 

The nonfree-machining stainless steels 
tend to produce long, stringy chips that can 
be very troublesome. This difficulty can be 
alleviated by using chip curlers or chip 
breakers that, in addition to controlling long 
chips, reduce friction on the cutting edge of 
the tool. Chip breakers or curlers for the 
free-machining stainless steels do not need 
to be as deep as those for the nonfree- 
machining alloys. Otherwise, the depth of 
cut and feed rate usually govern the width 
and depth of the curler or breaker. Heavier 
chips require deeper curlers or break- 
ers, but they must be ground without weak- 
ening the cutting edge. If a chip curler or 
breaker cannot be ground into the tool, it 
is advisable to have a steep top rake an- 

lc. 

Carbide tools can be used in single-point 
turning operations and will allow higher 
speeds than high-speed steel tools. Howev- 
er, carbide tooling requires even greater 
attention to the rigidity of the tooling and 
the workpiece, and interrupted cuts should 
be avoided. 

Cutoff Tools. Either blade-type or circu- 
lar cutoff tools are used for stainless steel 
applications. Blade-type tools usually have 
sufficient bevel for side clearance, that is, 3° 
minimum, but may need greater clearance 
for deep cuts. In addition, they should be 
ground to provide for top rake and front 
clearance. The front clearance angle is 7 to 
10°. A similar angle is used for top rake, or 
a radius or shallow concavity can be ground 
instead. The end cutting edge angle can 
range from less than 5 to 15°, with the angle 
decreasing for larger-diameter material. 

Angles for circular cutoff tools are sim- 
ilar to those for blade-type tools, including 
a top rake angle of 7 to 10° (Fig. 28). 
Circular cutoff tools are more rigid than 
the blade-type and can withstand more 
shock. Therefore, they may be preferred 
for automatic screw machine operations in 
which they are fed into drilled or threaded 
holes. Because of their size, they also 
dissipate heat better. 

Carbide-tip cutoff tools can be used. 
However, shock loading from interrupted 
cuts must be taken into consideration when 
selecting the carbide. 





Rake angie to be 
ground back to 





include first 
full tooth 
Grind throat 
angle 
22* rake to suit Job 
angle 
A m 


Correct grind E 
on rake angle 


Incorrect grind 
on rake angle 


(a) 


15° T 


© 
Fig. 33 


20° chamfer 
or throat 
angle 


T3 


Form tools are usually dovetail or circu- 
lar. The speeds and feeds for form tools are 
influenced by the width of the tool in rela- 
tion to the diameter of the bar, the amount 
of overhang, and the contour or shape of the 
tool. Generally, the width of the form tool 
should not exceed 17 times the diameter of 
the workpiece; otherwise, chatter may be a 
problem. 

Dovetail form tools should be designed 
with a front clearance angle of 7 to 10° and 
should be ground with a top rake angle of 
5 to 10°. Angles for circular form tools 
are similar (Fig. 29). Higher rake angles 
within the 5 to 10° range can be used for 
roughing operations and lower rake 
angles for finishing. The design of the tool 
should incorporate sufficient side clear- 
ance or relief angles, typically 1 to 5* 
depending on depth of cut, to prevent 
rubbing and localized heat buildup, partic- 
ularly during rough forming. It may also be 
necessary to round corners. A finish form 
or shave tool may be necessary to obtain 
the final shape, especially for deep or 
intricate cuts. 

Carbide-tip tooling can be used for form- 
ing operations. However, as with cutoff 








20° chamfer or 
throat angle 
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Rake angle or 
hook 15-25° 
Chip clearance 
angle 12° 
Face angle 
11/2° all types 
Chamfer or 


throat angle 25° 


(b) 


Back grind 
on heel 







15* rake or 
hook angie 


Face 


N 
Cutting edge 


Suggested geometries of thread chasers used for stainless steels. (a) Tongent-type chaser. (b) 
Circular-type chaser. (c) Insert-type chaser. (d) Radial-type chaser 


tools, shock loading from interrupted cuts 
must be taken into consideration. 

A shaving tool can be used to obtain 
optimum machined surface finish or close 
tolerances on formed parts. Shaving tools 
remove metal with a tangential rather than a 
radial cut, with the workpiece supported by 
integral rollers. Usually a thin layer of metal 
(approximately 0.13 to 0.25 mm, or 0.005 to 
0.010 in.) is removed at relatively high 
speeds. The tool must have a very smooth 
finish on the cutting edge because the finish 
of the tool will influence the finish of the 
part. A clearance angle of about 10° is 
normally needed. 


Drilling 


In any drilling operation, the following 
factors are important: 





* Work must be kept clean and chips 
removed frequently because dirt and 
chips act as an abrasive to dull the 
drill 

* Drills must be correctly ground 

* Drills must be properly aligned and the 
work firmly supported 


е A stream of cutting fluid must be properly 
directed at the hole 

* Drills should be chucked for shortest 
drilling length to avoid whipping or flex- 
ing. which may break drills or cause 
inaccurate work 

* Heavier feeds and lower speeds may be 
necessary to reduce or eliminate work 
hardening 


When working with stainless steels, par- 
ticularly the austenitic alloys, it is advisable 
to use a sharp three-cornered punch rather 
than a prick punch to avoid work hardening 
the material at the mark. Drilling templates 
or guides may also be helpful in locating the 
mark. 

To relieve chip packing and congestion, 
drills must occasionally be backed out. The 
general rule is to drill to a depth of three to 
four times the diameter of the drill for the 
first bite, one or two diameters for the 
second bite, and around one diameter for 
each of the subsequent bites. A groove 
ground parallel to the cutting edge in the 
flute for chip clearance will allow deeper 
holes to be drilled per bite, particularly with 
larger-size drills. The groove breaks up the 
chip for easier removal. 

Drills should not be allowed to dwell 
during cutting, particularly with austenitic 
stainless steels. Allowing the drill to dwell 
or ride causes glazing on the bottom of the 
hole, which makes restarting difficult. 
Therefore, when relieving chip congestion, 
drills must be backed out quickly and rein- 
serted at full speed to avoid glazing. 

Drilling Parameters. Drill feed is an im- 
portant factor in determining the rate of 
production. Because proper feed increases 
drill life and production between grinds, it 
should be carefully selected for each job. 
Table 6 lists feeds and speeds for drills of 
various sizes. 

Small-Diameter Drills. Procedures used 
with large or normal-size drills will not 
always prove successful for small-diameter 
drills, that is, 1.8 mm (0.070 in.) and under. 
These very small drills are subject to deflec- 
tion, both torsional and longitudinal, be- 
cause of their length in relation to their 
diameter. In addition, the web on small 
drills is proportionally heavier than on large 
drills. This thicker web adds the strength 
needed for the required work pressure, but 
decreases chip clearance. Therefore, the 
depth of each bite may have to be reduced. 
All small-diameter drilling is actually deep- 
hole drilling; therefore, careful resharpen- 
ing, frequent and adequate chip removal, 
and feeds and speeds that are properly 
adjusted to the strength and load-carrying 
capacity of the drill are very important. 
Good small-hole drilling is dependent on 
feeds that produce chips instead of pow- 
der. 

Grinding of Drills. It is especially impor- 
tant to grind drills correctly. Figure 30 
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Table 8 Nominal 





ic Metals and Alloys 


iie-threading parameters for wrought stainless steels 


Depending on actual machining conditions, optimum parameters may be higher or lower than those given. 





Г Steel. mimin (stim), at a pitch (threads per 25 mm, or 1 in.) of: — 


UNS designation EI 8-15 


16-24 E fool material 





Free-machining alloys 
Ferritie alloys 


















































518235. 543020. 543023 . 5-8 (15-25) B11 (25-35) 11-14 (35-45) M1,M2.M7,M10 
518200..... а 5-8 (15-25) 8-11 (25-35) 11-14 (35-45) MIM2,M7.MIO 
Martensitic alloys 

S41600, 541610, S41623 5-8 (15-25) 8-11 25-35) — 1-14 GS-45) MI.M2Z,M7.MIO 
542020, 542023. 3-5 (10-15) 5-8 015-25) 8-11 (25-35) МІ.М2,М7,МІ0 
544020, 544023 2-5(8-15) 36010-20) 5-8 (15-25) МІ,М2,М7,М10 
Austenitic alloys 

520300, 530300, 530310, 

530360. .... 3-5(10-15) 5-8 (15-25) 8-11 (25-35) 11-12 (35-40) МІ,М2,М7.МІ0 
530323, 830330, 830345, 

530431, 531620, 534720. 

5834723. 2-5(8-5) 4-7 (12-22) 6902030) 9-11 (30-35) MILM2,M7.MIO 
Nonfree-machining alloys 
Ferritie alloys 
540500, 540900, $43000, 

543400. ses LSS 45-15) 3801025 — 6-11 20-35) 8-12 (25-40) MI,M2.M7,MTO 
44200, 544300. 544400, 

544600.. esses LSA (S212) 2-5 (8-15) 3-6 (10-20) 5-8 (15-25) MILM2.M7,MIO 
Martensitie alloys 
540300, 541000... 1,5-9 (5-18) — 3-8(10-25) 611 (20-35) 8-12 (25-40) MI,M2.M7,M10 
541400, 542000, 542010. 

543100. , 2105-5 45-15) — 3-6 010-20) 6-9 (20-30) 8-11 (25-35) МІ.М2.М7,МІ0 
544002, 544003, 544004 108-4 (5-00) 2-5 (8-15) 3-6 (10-20) 5-8 (15-25) — MI.M2.M7.MIO 
Austenitic alloys 
520100, $30100, 530200, 

530400. 530403, 530430, 

532100, 534700, 538400 ,..,. 2-5 (8-15) 3-6(10-20) 5-8 (15-25) 895-3) МІ,М2,М7.М10 
5530900, 530908, 531000, 

531008, 531700, 531703 .....1.5-3 (5-10) 2-4 (8-13) 3-5 (10-15) — 5-6(15-20)  M1,M2,M7.M10 
520910, 521904. 524100, 

52, м08020 126-9) — 2-36-10) 24 8-12) 3-5 (10-15)  M1.M2,M7.M10 
Duplex alloys 
531803, 83. 32900. 

532950. 2105-3 (5-10) 2-4 (8-13) 3-5 (10-15) 5-6 (15-20) МІ,М2,М7.МЮ 
Precipitation-hardenable m 
515500, 517400, 517700. 

545000... ess LSA (S12) 2-5 (8-15) 3-6 010-20) 5-8 (15-25)  M1,M2,M7.M10 
13800, 35000, 535500. 

845500 2108-3 05-10) — 2-4 (8-13) 3-5 (10-15) 5-6 (15-20) МІ,М2,М7,М10 
566286. 120-8) 2-3 06-10) 14 68-12) 3-5 (10-15) MLMZ,M7,MIO 





(Al speeds are for material heat seated or cold drawn to Jow-to-ntermediate hardness levels. AU speeds should be reduced 20-305 
TE 


Tor taper threads. Source: Ret 3 





Shows suggested geometries for high- 
spced steel drills to be used with stainless 
steels. The point angle should be 140°, 
although a smaller angle can be used for 
easier-to-machine alloys. A larger angle 
produces a more easily removed chip 
when drilling hard or tough alloys. The lip 
clearance should be between 9 and 15°, 
and the two cutting edges must be equal in 
length and angle. The web thickness at the 
point should be about 12.596 of the drill 
diameter or less. A thinner web reduces 
feed pressure, heat generation, and glazing 
or work hardening of the bottom of the 
hole. Grinding fixtures should be used 
when regrinding drills. For best results in 
grinding high-speed steel drills, medium- 
grain, soft-grade dry wheels should be 





used. Blueing or burning is to be avoided, 
as is quenching. Quenching will often 
check or crack the drill if it has been 
overheated, 

Special Drills. Drills should be chucked 
for the shortest drilling length. Some jobs, 
however, require exceptionally deep 
drilled holes where the depth of the hole is 
eight to ten times the diameter. In such 
cases, short chucking is impossible, and 
special drills known as crankshaft hole 
drills may be useful. These drills were 
originally designed for drilling oil holes in 
forged crankshafts and connecting rods, 
but have found widespread use in drilling 
deep holes. They are made with a very 
heavy web and a higher spiral or helix 
angle to aid in chip removal. They usually 


have a notched point type of web thinning, 
which is done on a sharp-cornered hard 
grinding wheel. 

A cotter pin drill should be used to drill 
small cross holes in the heads of bolts, 
screws, pins, and so on. Like a crankshaft 
hole drill, it is a more heavily constructed 
drill that withstands abnormal strains and 
has a faster or higher helix angle to aid in 
chip removal. 





Tapping 

Whenever possible, it is desirable to use 
free-machining grades for tapping, especial- 
ly when blind holes are specified, to mini- 
mize the difficulty of removing and dispos- 
ing of chips. The gummy, stringy chips 
resulting from the nonfree-machining 
grades of stainless steel are a source of 
difficulty in tapping. 

In tapping all grades of stainless steel and 
especially the nonfree-machining grades, 
the following recommendations are made: 


© Use taps that are as large as permissible 
in diameter (high side of the tolerance) 
Keep the thread pitch as fine as possible 
because the finer the pitch, the less metal 
removed per tooth 

© Keep the percentage of full thread as low 
as permissible (60 to 75% is a preferred 
range, but where the depth of the tapped 
hole exceeds twice the diameter of the 
tap, it is economical to use only 50% 
thread) 

Use a flood of Сюе, oil (under pressure 
of at least 35 kPa, or 5 psi, when tapping 
blind holes) 


The difficulties encountered in tapping 
stainless steel are often a result of work- 
hardened surfaces caused by previous 
drilling or reaming operations. Thus, when 
tapping problems arise, an investigation of 
the drilling and reaming conditions is rec- 
ommended. Chips must be cut in either 
drilling or reaming; consequently, when 
drills or reamers are permitted to burnish 
rather than cut, surfaces become work 
hardened. The degree of work hardening 
varies among the different grades of stain- 
less steel; the austenitic grades are the 
most susceptible. 

Tap Material and Design. High-speed 
steel taps are nearly always used for tapping 
stainless steel. Chip removal is important 
when tapping tight-fitting, close-tolerance 
(class 3) threads, and the flutes should not 
be too shallow nor the lands too wide. 

Consideration must also be given to the 
number of flutes on the tap. With small 
holes, a tap with four flutes is more likely to 
produce chip congestion than one with few- 
er flutes. Therefore, general practice is to 
use a tap with fewer flutes as the size of the 
hole decreases. For cutting class 3 threads, 
taps should have two flutes for holes up to 
size No. 6 (5.2 mm, or 0.204 in., in diame- 




















ter). Three-flute taps are satisfactory for 
holes between 5.2 and 13 mm (0.204 and 4 
in.) in diameter. Three-flute taps reduce the 
possibility of cutting oversize but provide 
less chip clearance than two-flute taps. 
Holes larger than 13 mm (/ in.) in diameter 
are tapped with four-flute taps. 

Types. Heavy-duty si 
heavy-duty spiral-flute taps are generally 
used for the tapping of stainless steel alloys. 
(see the article *"Tapping" in this Volume 
for a description of spiral-point and spira 
flute taps). Spiral-point taps push the chips 
ahead of the tap and should not be used for 
tapping blind holes unless there is sufficient 
untapped depth to accommodate the chips 
at the bottom of the hole. Spiral-flute taps 
pull the chips from the tapped hole and can 
be used for tapping either blind or through 
holes. Straight-flute taps are used for holes 
larger than 13 mm (V^ in.) in diameter. 

Tap Geometry. For austenitic alloys, a 
hook grind is best. The hook angle is com- 
monly 15 to 20° for austenitic alloys with 
hardnesses from 135 to 275 HB. Occasion- 
ally, because of a combination of factors on 
certain work, the hook grind will not pro- 
duce satisfactory results. In such cases, an 
interrupted-thread tap with an uneven num- 
ber of flutes may be desirable because it 
requires 40 to 50% less power than regular 
taps (this may be important when the tap- 
ping machine lacks power). 

For ferritic, martensitic, and precipita- 
tion-hardenable alloys, the common rake 
angles are 8 to 12" for alloys with a hardness. 
of 135 to 275 HB and 0 to 5° for alloys with 
à hardness of 275 to 325 HB. Above 325 
HB, 0° is the common rake angle for the 
кунь and precipitation-hardenable al- 
loys. 

The problem of roughness on the back 
face of the thread can sometimes be over- 
come by grinding the heel of the lands so. 
that the bearing area is reduced. This back 
relief prevents tearing of the threads when 
backing the tap out. Roughness can also be 
caused by insufficient rake or hook angle. 

Back relief (or relieving the thread) may 
either have the lands fully eccentric with 
the hole or may have the lands partly 
concentric with the hole (Fig. 31). Suggest- 
ed back relief angles (Fig. 31) are 10^ for 
austenitic alloys with hardnesses of 135 to 
275 HB and 8° for ferritic, martensitic, and 
precipitation-hardenable alloys with hard- 
nesses of 135 to 325 HB. Back relief is 
approximately 5° for deep holes and 6 to 8° 
for the martensitic, and precipitation-hard- 
enable alloys with hardnesses of 325 to 425 
HB. 

Example: Progressive Modification of 
Tap Design for Soft Austenitic Stainless. 
As the result of a series of modifications in 
tap design, the tool life of taps used to 
thread 530400, 531600, and N08330 stain- 
less steels on a single-spindle automatic 
machine was extended from 2 to 3000 holes 
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Table 9 Nominal milling parameters for wrought stainless steels 


Depending on actual machining conditions, optimum porometers may be higher or lower thon those given. See Ref 
52 for speeds and feeds in face, side, ond hollow milling. 









































рена), Feed, mmtooth (in./tooth), at а cutter diameter of: — | Too! 
UNS designation mimin (sfm) | 6 mm (Vin) 13mm (42 іа) 19mm (М in.) 25-59 mm(I-2in) materialia) 
Free-machining alloys 
Ferritic alloys 
518235, 543020, 543023.....43 (140) 0.025 (0.001) 0.05 (0.002) 0075 (0.003) 0.10 (0.004) — M2,M7 
122 (400) 0.025 (0.001) 0.05 (0.002) 0.13 (0.005) 0.175 (0.007) C6 
518200.. 44 (145) 0.05(0.002) 0.075 (0.003) 0.13 (0.005) 015 (0.006) M2.M7 
125 (410) 0.05 (0.002) 0.075 (0.003) 0.13 (0.005) 0.175 0.007) Ce 
Martensitic alloys 
541600. 541610, $41623.....43 (140) 0.05 (0.002) 0.075 (0.003) 0.13 (0.005) 0,15 10.006) м?м? 
122 (400) 0.05 (0.002) 0.075 (0.003) 0.13 (0.005) 0.175 (0.007) C6 
542020, $42023........... 30(100) 0.05 (0.002) 0.075 (0.003) 0.13(0.005) 0.15 (0.006) M2,M7 
91300) 0.025 (0.001) 0.075 (0.003) 0.13 (0.005) 0.175 (0.007) C6 
44020, 544023 -.26(85) 0.025 (0.001) 0.05 (0.002) 0.075 (0.003) — 0.10 (0.004) м2,М7 
76 050) 0:025 (0.001) 0.075 (0.003) 0.13 000058) 0.175 (0.007) Ce 
Austenitic alloys 
520300. 830300, 530310. 
S3960......... 35 (115) 0.05 (0.002) 0.075 (0.003) 0.13 (0.005) 0.15 (0.006) M2.M7 
107 (350) 0.05 (0.002) 0.075 (0.003) 0.13 (0.005) 0.15 (0.006) @ 
530323, 530330, 530345. 
530431, 531620, $34720, 
$M72..... 22300100) 0.025 (0.001) 0.05 (0.002) 0.10 (0,004) 0.13 (0.005) M2,M7 
91(300) 0.025 (0.001) 0.05 00.002) 0.10 00.004) 0.13 (0.005) C2 
Nonfree-machining alloys 
Ferritic alloys 
gums 40000, Зиа, 
зкен 34 0110) 0.05 (0.002) 0.075 (0.003) 0,13 (0.005) 0.15 (0.006) M2,M7 
107 (350) 0.025 (0.001) 0.05 (0.002) 0.10 (0.004) — 0.15 (0.006) Св 
44200, 544300, 544400, 
S44600.. 0200100) 0.05 (0.002) 0.075 (0.003) — 0.13 (0.005) 0.15 (0.006) M2,M7 
91(300) 0.025 (0.001) 0.05 (0.002) 0.10 (0.004) — 0.15 (0.006) св 
Martensitic alloys. 
40300, 541000 34 (110) 0.05 (0.002) 0.075 (0.003) 0.13 (0:005) 0.15 (0.006) M2.M7 
107 (350) 0.025 (0.001) 0.05 (0.002) 0.10 (0.004) — 0.15 (0.006) с 
541400, 542000, 542010, 
543100...... ....27(90) 0.025 (0.001) 0.05 (0.002) 0.075 (0.003) 0.10 (0.004) M2MT 
82 (270) 0.025 (0.00) 0.05 (0.002) — 0.10 (0.004) — 0.15 (0.006) C6 
544002, 544003, S44004.....23 (75) 0.025 (0.001) 0.05 (0.002) 0.075 (0.003) — 0.10 (0,004) M2,M7 
691225) 0.025 (0.001) 0.05 (0.002) 0.10 (0.004) 0.15 (0.006) C6 
Austenitic alloys. 
520100, 530100, 530200, 
530400, 530403, 530430, 
530500, 531600, 531603. 
532100. 534700, 538400. ..24 (80) 0.05 (0.002) 0.075 (0.003) 0.13 (0.005) 0.15 (0.006) M2,M7 
82 (270) 0.025 (0.001) 0.05 (0.002) 0.075 (0.003) 0.13 (0.005) сє? 
530900, 530908, 531000, 
531008, 531700, 531703...23 (75) 0.05 (0.002) 0.075 (0.003) 0.13 (0,005) 0.15 (0.006) М2,М7 
79 (260) 0.025 (0.001) 0.05 (0.002) 0.075 (0.003) 0.13 (0.005) c2 
520910, 521904, 524100, 
528200, 530452, NO8020 .. 15 (50) 0.025 (0.001) 0.05 (0.002) 0.05 (0.002) 0.075 (0.003) M2.M7 
49 (160) 0.025 (0.001) 0.05 (0.002) 0.075 (0.003) — 0.10 (0.004) c2 
..23(75) 0.05 (0.002) 0.075 (0.003) 0.13 (0.005) — 0.15 (0.006) M2MT 
79 (260) 0.025 (0.001) 0.05 (0.002) 0.075 (0.003) 0.13 (0.005) с? 
Precipitation-hardenable 
515500, $17400, 517700. 
$45000..................06 (85) 0.025 (0.001) 0.05 (0:002) 0:075 (0.003) 0.10 (0.004) M2,M7 
84(275) 0.025 (0.001) 0.05 (0.002) 0.10 (0.004) — 0.15 (0.006) с? 
513800, 535000, 535500. 
545500... 23(75) 0.025 (0.001) 0.05 (0:002) 0.075 (0.003) 0.10 (0.004) M2,M7 
82(270) 0.025 (0.001) 0.05 (0.002) — 0.10 (0.004) 0.15 (0.006) c2 
566286... 5050) 0.005 (0:001) 0.05 (0.002) 0.05 (0.002) 0.075 (0.003) М2.М7 
(175) 0.025 (0.001) 0.05 (0.002) 0.075 (0.003) — 0.10 (0.004) c2 





ta) All speeds given are for material in the annealed condition (140-270 HB) excepi for the precipitation hardenahle grades, which are 
solution treated (150-325 HB) or equalized and overtempered for 535000 ar For material heat treated or cold drawn to 
Кийсе: hes iban ek oral annealed or toes ewe best esie are ОМА ей by reduce speeds approximately 15% to as much 
as 75% depending on hardness. Premium high-speed steel or carbide cutters may also be necessary at the higher harnesses, 'tb) Depth 
of cut for all speeds and feeds given is 1.3 mm (0.050 in.). Source: Ref 38, 52 





per tap. Before the final (and most satisfac- 
tory) tap design was developed, tap break- 
age had been caused by the jamming of 
chips in the lands of the tap and by the 
tapping of holes previously work hardened 
in a drilling operation. In addition, the gen- 
eration of excessive heat during tapping had 


caused breakdown of the tap teeth at the 
cutting tips. 

The three austenitic stainless grades 
tapped were all in the annealed condition, 
with a hardness of 208 HB or less, The 
application consisted of drilling and tappiag 
6 mm (‘4 in.) diam holes in a valve bonnet. 
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Table 10 Nominal broaching parameters for wrought stainless steels 
Depending on actual machining conditions, optimum parameters may be higher or lower than those given. 










































Speedin Chip ad —— Tool 
UNS designation Tamin P unto иломв! material) 
Free-machining alloys 
Ferritic alloys 
518235, 543020, 543023 бааз 9 30 0.10 0.004 M2.M7 
S18200.. xs u 35 0.10 0.004. M2,M7 
Martensitic alloys 
541600, 541610, 541623 .......... 9 30 0.10 0.004 M2.M7 
542020, 542023....... " . 6 25 0.075 0.003 M2.M7 
544020, 44023 —— € 20 0.075 0.003 M2.M7 
‘Austenitic alloys 
520300, 530300, $30310. 
530360... 8 25 9.10 0.004 M2.M7 
6 20 9.10 0.004 M2.M7 
Nonfree-machining alloys 
Ferritic alloys. 
540500, S40900, S43000.. 
ЕРТ мазь 1B 20 0.075 0.003 M2.M7 
544200, 544300, 544400. 
544600 ........... 6 20 0.075 0.003 M2,M7 
Martensitic alloys 
540300. 841000......... 8 25 0.10 0.008 мәм? 
41400, 542000, $42010, 
5 15 0.075 0.003 TI5.M42 
5 15 0.05 0.002 TI5.M42 
Austenitic alloys 
520100, $30100, 530200, 
530400. 530403, 530430, 
530500, 531600, 531603, 
532100, 534700, 838400............. 6 20 0075 0.003 м.м? 
30900, 830908, 531000. 
531008, $31700, $31703.......... 5 15 0.075 0.003 Т15,М42 
520910, 521904, 524100. 
528200, 530452, №8020, ,......... 3 10 0.075 0.003 TI5.M42 
Duplex alloy: 
31803, 832550, 532900, 
aun races sensn —Ó— $ 15 0.075 0.003 TI15,M42 
rdenable alloy: 
515500, $17400, 517700, 
545000 ..,...... 5 15 0.05 0.002 TI5,M42 
513800, 535000, 525500, 
545500. эй 3 10 0.05 0.002 TIS.Ma2 
566286 .... 2 8 0.05 0.002 TIS.M42 





(а) All speeds are for material in the annealed condition (140-270 HB) except tbe precipitation-hardenable grades, which are solution. 








treated (150-325 HB) or е 
275-375 HB 
Premium high 





(325-375 for precipilation-hardenable grades) speed reductions of approximately 1 
-speed steel broaches may be necessary Гог higher-hardness material. (Б) Any premium high-speed мее! (TIS, M33. M41- 


d overtempered for 535000 and 3500. For material heat treated or cold drawn to hardnesses of 


may be necessary for best results. 


47) can be used where the designated 1001 material is T15.M42. Source: Ref 38. 52 





Tap size was 14-32. All parts were required 
to have a class 3 fit on 80% of the threads, 
and the threads had to be smooth and free of 
tear marks. 

The final tap design was achieved in six 
steps. Taps of all six designs were made of 
grade M2 high-speed steel and received no 
special surface treatment. The original tap 
and three of the redesigns—including the 
final one—are illustrated in Fig. 32. 

In the initial setup, a standard four-flute, 
conventionally relieved, ground plug tap 
(Fig. 32a) was used. With two machine 
speeds available, tapping was performed 
at 275 rev/min (—5.5 m/min, or 18 sfm), 
and the tap was withdrawn at a speed of 
610 rev/min (~12 m/min, or 40 sfm). Thus, 
the ratio of withdrawal speed to threading 


speed was 2.2:1. For lubrication, a miner- 
al-base oil containing fatty oils and active 
sulfur was used; its viscosity was similar 
to that of SAE 20 oil. Under these condi- 
tions, not more than two holes could be 
tapped before heavy chips became packed 
in the flutes of the tap, which resulted in 
tap breakage. 

Because greater chip relief was obviously 
required, a two-flute tap (Fig. 32b) was 
tried. This tap, which provided a land that 
was larger and stronger in cross section, 
was ground to a spiral point that afforded a 
path for chip disposal. Tapping was per- 
formed with this two-flute tap at the same 
speeds and feeds and with the same cutting 
oil that had been used with the original 
four-flute taps. This tap resulted in more 


rubbing; galling occurred during withdrawal 
of the tap at high speed; and chips jammed 
the flutes, restricting flow of the cutting 
fluid. 

The two-flute tap was modified to full 
relief, which allowed a greater flow of cut- 
ting oil around the cutting tips. This modi- 
fication helped preserve cutting edges, re- 
duced galling, and increased tap life to 22 
holes. 

Next, to increase the flow of cutting fluid 
to the tips, all threads to the rear of the 17th 
tooth (17 being the minimum number of 
teeth required for threading the part) were 
removed. Under those conditions, thread 
quality was improved, and tool life was 
extended to 85 holes per tap. 

The two-flute tap was modified again by 
removing approximately 75% of the land 
behind the cutting edge to the depth of the 
root diameter at the trailing edge of the land 
(Fig. 32c). This decrease in cutting tool area 
permitted an increase in the flow of cutting 
fluid to the cutting edges and reduced the 
area of the thread drag that occurred when 
the tap was withdrawn from the hole at high 
speeds. 

The three-flute tap, representing the final 
improvement in design, incorporated an in- 
crease in the number of cutting edges (from 
two to three), thus providing increased dis- 
tribution of cutting fluid around each row of 
cutting edges. Except for its having three 
flutes (Fig. 32d), it retained the same design 
as that shown for the two-flute tap. 

To reduce the amount of work-hardened 
metal developed as a result of drilling, drill 
size was changed from a No. 5 to a No. 6, 
and a 5.3 mm (0.2087 in.) drill was used to 
finish the hole before tapping. After produc- 
ing 3000 holes, the new tap showed little 
sign of wear. Galling and metal flow at the 
tips of the stainless steel threads were vir- 
tually eliminated. The threads were smooth 
and were gaged satisfactorily with a class 3 
thread gage. 

Tapping Parameters and Cutting Fluid. 
Typical cutting speeds for tapping various 
stainless steels are listed in Table 7. Proper 
lubrication also plays an important role in 
tapping operations. Although the sulfurized 
oils have proved most successful, specific 
compositions or ratios of sulfurized oils to 
paraffin-base oils are required on certain 
jobs. After the best mixture has been deter- 
mined, it is equally important that the flow 
of the cutting fluid to the taps and the work 
be considered. It is often desirable to use 
two streams of cutting fluid—one on each 
side of the tap. The flow should be started 
before the tap begins to cut and should not 
be shut off until after the cut is finished. 

















Die Threading 


Thread chasers for self-opening die heads 
are made of high-speed steel. The standard 
commercial chasers generally have a satis- 































0,38-0.76 mm Primary clearance 
5-12° 





A Rake angle 5-10* 
Narrow land р 


Secondary 
clearance 
6-12* 


On side milling 
cutter use 
3-9° clearance 


Suggested geometries of milling cutters 
Fig. 34 JS ior stainless steels 


factory life when they are kept sharp and 
correctly ground for the materials cut. 

Figure 33 shows suggested geometries 
for the four main types of thread cutting 
tools. The most frequently used chaser for 
close-tolerance threads is the tangent type 
(Fig. 33a). It is particularly adaptable for 
heavy-duty jobs, such as producing long, 
coarse threads. The tangent-type chaser 
maintains thread size better on heavy-duty 
work and provides good life between 
grinds. Whenever possible, a 20° throat 
angle should be used. However, where the 
threads do not run into a shoulder, a 15° 
throat is better. 

The circular type (Fig. 33b) is considered to 
be the universal thread chaser because it is 
adaptable to all types of threads and will work 
equally well on tubing. This type of chaser 
should generally have a 25° throat angle. 

The insert-type chaser (Fig. 33c) is widely 
used. It produces good threads on nonfree- 
machining alloys at a low cost. A 20° throat 
angle is usually suitable for this type of 
chaser. 
The radial-type chaser (Fig. 33d) will pro- 
duce very smooth threads because it is 
ground to follow the shape or contour of the 
threaded piece. This type of chaser has 
been successfully used where extremely 
fine threads are required when form plunge 
tools are used with screw machines. Radial 
chasers typically have a 20° throat angle. 

The throat angle or chamfer will vary 
slightly from the typical geometries given 
for each of the chasers based on the type of 
thread being cut and the grade of stainless 
steel machined. In general, it is advisable to 
use a 11⁄2- to 3-thread chamfer or lead on the 
throat. This will usually produce a smooth 
thread with a fine finish and will increase 
chaser life between grinds. The advantage 
of using a long throat angle is that each 
tooth makes a smaller cut and consequently 
produces cleaner threads. For example, in 
one case, a 45° throat angle produced a chip 
approximately 0.46 mm (0.018 in.) thick, 
while a 15° throat angle produced a chip 
only 0.17 mm (0.0065 in.) thick. 

When threading close to a shoulder where 
a long throat angle cannot be used, it may 
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be necessary to grind only a /- or I-thread 
chamfer on the chaser. If this short throat 
angle produces a rough thread, a smooth 
finish can be obtained by running the chaser 
over the workpiece a second time, or the 
thread can be cut in two operations by first 
taking a rough cut and then finishing with a 
second cut. 

Die-Threading Parameters and Cutting 
Fluid. Suggestions for cutting speeds are 
found in Table 8. Regardless of the type of 
chaser being used, speeds will vary some- 
what with the type of thread being cut. 
Acme threads are usually cut at somewhat 
slower speeds. Where extremely fine 
threads are required, it might be desirable to 
decrease speeds to 1.5 to 4.5 m/min (5 to 15 
sfm). In addition, when cutting fine threads, 
an advantage will be found in diluting heavy 
sulfurized oil with paraffin oil, generally one 
part sulfurized oil to five parts paraffin. The 
oil must be kept clean and free of chips, 
which could damage the threads. 


Percentage of Thread. As with tapping, 
the percentage of thread being cut influenc- 
es production rate and cost. Cutting threads 
with the maximum major diameter and/or 
minimum pitch diameter allowed for the 
class of thread involved means that more 
metal must be removed. This decreases tool 
life and does not necessarily produce a 
stronger thread. The blank should be turned 
to leave the minimum allowable stock. 


Thread Rolling 


Thread rolling can be done on automatic 
screw machines and turret lathes. Howev- 
er, the equipment must have sufficient pow- 
er and rigidity for stainless steels. As dis- 
cussed previously, stainless steels have 
high strength and work-hardening rates; 
therefore, substantial pressure is required 
to form the threads. These characteristics of 
stainless steels may also limit the amount of 
thread that can be formed, and care must be 
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Table 11 Nominal reaming parameters for wrought stainless steels 
Depending on actual machining conditions, the optimum parameters may be higher or lower than those given. 















































[ — Speeiiso— Y T. —.— — Heel, mirer Паге), ai n wesmer шли 9С: — —— | 
UNS designation тута ят 6 mm (Ya in.) 13 mm (in) 25 mm (1 in.) 50mm (2 in.) "Tool materiul(ayb) 
Free-machining alloys 
Ferritic alloys 
518235, $43020, 843023 ............... 40 130 0.13 (0.005) 0.20 (0.008) 0.25 (0.010) 0.38 (0.015) M7 ii 
46 150 0.20 (0.008) 0.30 (0.012) 0.41 0.016) 0.61 (0.024) с? 
18 6o 0.10 (0.004) 0.15 (0.006) 0.20 (0.008) 0,30 (0.012) M7 Finishing 
2 то 0.15 (0,006) 0.20 (0.008) 0.25 0.010) 0.30 (0.012) с 
p d 130 0.18 (0.008) 0.20 (0.008) 0.25 (0.010) 0.38 (0.015) M7 Rolighing 
46 150 0.20 (0.008) 0.30 (0.012) 041 (0.016) 0.61 (0.024) C2 
18 60 0.10 (0.004) 0.15 (0.006) 0.20 (0.008) 0.30 (0.012) M7 Finishing 
2 70 0.15 (0.006) 0.20 (0.008) 0.25 (0.010) 0.30 (0.012) c 
Martensitic alloys 
541600, S41610, $41623 ...............40 130 0.13 (0.005) 0.20 (0.008) 0.25 (0.010) 0.38 (0.015) M7 Roughing 
46 150 0.20 (0.008) 0.30 (0.012) 0.41 (0.016) 0.61 (0.024) c 
18 60 0.10 (0.004) 0.15 (0.006) 0.20 (0.008) 0.30 (0.012) M7 Finishing 
2 70 0.15 (0.006) 020 (0.008) 0.25 (0.010) 0.30 (0.012) с? 
$42020, 542023....... 230 100 0.13 (0.005) 0.20 (0.008) 0.25 0.010) 0.38 (0.015) M7 Roughing 
x 120 20 (0.008) 0.30 (0.012) 0.41 (0.016) 0.61 (0.024) сз 
15 50 . 10 (0.004) 0.15 (0.006) 0.20 (0.008) 0.30 (0.012) M7 Finishing 
18 С) 0.15 (0.006) 0.20 (0.008) 0.25 (0.010) 0.30 (6.012) c 
544000, SMU23. 5 ан? 75 0.13 0.005) 0.20 (0.008) 0.25 (0.010) 0.38 (0.015) M7 Roughing 
n 90 0.20 0.008) 0.30 (0.012) 0.41 (0.016) 0.61 (0.024) C2 
2 40 0.10 (0.004) 0.15 (0.006) 0.20 (0.008) 0.30 (0.012) M7 Finishing 
15 50 0.15 (0.006) 0.20 (0.008) (0.010) 0.30 (0.012) ca 
Austenitic alloys 
520300. 530300, 5. 
530360 x 90 0.15 (0.006) 0.23 (0.009) 0.28 (0.011) 0.46 (0.018) M7 Roughing 
3 по 0.20 (0.008) 0.30 (0.012) 0.41 (0.016) 0.61 (0.024) ĉi 
15 50 0.10 (0.004) 0.15 (0.006) 0.20 (0.008) 0.25 (0.010) M7 Finishing 
20 65 0.15 (0.006) 0.20 (0.008) (0.010) 0,30 (0.012) с? 
530323, 530330, 530445, 
530411, 831620, 534720, Roughing 
534723... ЕТЕ: 75 0.15 (0.006) 0.23 (0.009) 0.28 (0.011) 0.41 (0.018) M7 
30 100 0.20 (0.008) 0.30 (0.012) 0.41 (0.016) 0.61 (0.024) с? 
12 0.10 (0.004) 0.15 (0.006) 0.20 (0.008) 0.25 (0.010) M7 Finishing 
17 55 0.15 (0.006) 0.20 (0.008) 0.25 (0.010) 0.30 (0.012) с? 
Nonfree-machining alloys 
Ferritic alloys 
540500, 540900, 543000, 
E M E] 0.10 (0.004) 0.13 (0.005) 0.20 (0.008) 0.30 (0.012) M7 Roughing 
29 95 0.20 (0.008) 0.30 (0.012) 0.41 (0.016) 0.61 (0.024) C2 
12 E) 0.10 (0.004) 0.15 (0.006) 0.20 (0.008) 0.25 (0.010) M7 Finishing 
18 6o 0.15 (0.006) 0.20 (0.008) 0.25 (0.010) 0.30 (6.012) с? 
844200, 544300, 544400, 
544600. жазм 23 75 0.10 (0.004) 0.13 (0.005) 0.20 (0.008) 0.30 (0.012) M7 Roughing 
27 9 0.20 (0.008) 0.30 (0.012) 0.41 (0.016) 0.61 (0.024) c 
" 35 0.10 (0.004) 0.15 (0.006) 4.20 (0.008) 0.25 (0.010) M7 Finishing 
15 50 0.15 (0.006) 0.20 (0.008) 0.25 (0.010) 0.30 (0.012) с? 3 
Martensitic alloys 
840300, 541000........ лел 80 0.10 (0.004) 0.13 (0.005) 0.20 (0.008) 0.30 (0.012) M7 войнов 
29 95 0.20 (0.008) 0.30 (0.012) 0.41 0.016) 0.61 (0.024) с? 
12 0.10 (0.004) 0.15 (0.006) 0.20 (0.008) 0.25 (0.010) M7 Finishing 
18 0.15 (0.006) 0.20 (0.008) 0.25 (0.010) 0.30 (0.012) с? 
41400, 842000. 542010, 
И bine 20 65 0.10 (0.004) 0.13 (0.005) 0.20 (0.008) 0.30 (0.012) M7 Roughing 
4 80 0.20 (0.008) 0.30 (0.012) 0.41 (0.016) 0.61 (0.024) [o 
m 35 0.10 (0.004) 0.15 (0.006) 0.20 (0.008) 0.25 (0.010) M7 Finishing 
15 50 0.15 (0.006) 0.20 0.008) 0.25 (0.010) 0.30 (0.012) с: 
544002, 544003, 544004 17 55 0.075 (0.003) 0.13 (0.005) 20 0.008) 0.30 (0.012) T15.M42 Roughing 
E 70 0.20 10.008) 0.30 (0.012) 0.41 0.016) 0.61 (0.024) C2 
п 35 0.075 (0.003) 0.10 (0.004) 0.15 (0.006) 0.20 (0.008) TIS.M42 Finishing 
15 50 0.10 (0.004) 0.15 0.006) 0.20 (0.008) 0.25 (0.010) c2 


(continued) 


(à) All speeds given are for material in the annealed condition (140-270 HB) except for the precipitation-bardenable grades, which are solution treated (150-325 HB) or equalized and overtempered for 535849. 
‘and 533300, For material heat treated or cold drawn to hardnesses higher than their normal annealed or softest Jevel, best results arc obtained by reducing speeds by approximately 25% to as much as 75% 
depending on hardness. Premium high-speed tel or carbide tooling may also be necessary at the higher Rardnesses. (b) Any premium high-speed steel (T15. МЭЗ, M41-47) can be used where the designated 
tool material is TIS, M42. Source: Ref 38, 52 
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Table 11 (continued) 
—Speediay 
UNS designation lus ЫШ emm (Min) Bam) — mmm) © Sm) Toot materia) 
‘Austenitic alloys 
520100, S30100, 530200, 
530400, 530403, 530430. 
930500. 531600, 531603, Roughing 
$32100. 534700, S38400 . — HA 70 9.13 (0.005) 0.20 (0.008) 0.25 (0.010) 0.38 (0.015) M7 
26 85 0.20 (0.008) 0.30 (0.012) 0.41 (0.016) 0.61 (0.024) c2 
n 35 0.075 (0.003) 0.10 (0.004) 9.15 (0.006) 0.20 (0.008) M7 Finishing 
15 50 0.10 (0.004) 0.15 (0.006) 0.20 (0.008) 0.25 (0.010) c2 
530900, S30908, 531000, i 
531008, 531700, 531703 se 21 70 0.13 (0.005) 0.20 (0.008) 0.25 (0.010) 0.38 (0.015) TIS,M42 Roughing 
26 85 0.20 (0.008) 0.30 (0.012) 0.41 (0.016) 0.61 (0.024) c2 
п 35 0.075 (0.003) 0.10 (0.004) 0.15 (0.006) 0.20 (0,008) TIS.M42 Finishing 
15 50 0.10 (0.004) 0.15 (0.006) 0.20 (0.008) 0.25 (0.010) c2 mang. 
520910, 521904, S24100, 
528200, 530452, М08020...... Is e 0.13 (0.005) 0.20 (0.008) 0.25 (0.010) 0.38 (0.015) TIS.M42 Roughing 
23 ?5 0.20 (0.008) 6.30 (0.012) 0.41 (0.016) 0.61 (0.024) c2 
9 30 0.075 (0.003) 0.10 (0,004) 0.15 (0.006) 0.20 (0.008) TI5.M42 Finishing 
12 40 0.10 (0.004) 9.15 (0.006) 0.20 (0.008) 0.25 (0.010) C2 
Duplex alloys 
531803, 532550, 532900. 
832980 .. а sa) 70 0.13 (0.005) 0.20 (0.008) 0.25 (0.010) 0.38 (0.015) TI5.M42 Roughing 
26 85 0.20 (0.008) 0.30 (0.012) 0.41 (0.016) 0.61 (0.024) с? 
n 35 0.075 (0.003) 0.10 (0.004) 0.15 (0.006) 0.20 (0.008) TI5.M42 Finishin 
15 50 0.10 (0.004) 0.15 (0.006) 0.20 (0.008) 0.25 (0.010) c2 SEE, 
Precipitation-hardenable alloys 
515500, $17400, $17700, 
545000 . ТАНИЯ m 60 0.13 (0.005) 0.20 (0.008) 0.25 (0.010) 0.38 (0.015) Т15,М42 Roughing 
n 75 0.20 (0.008) 0.30 (0.012) 0.41 (0.016) 0.61 (0.024) 2 
Ш 35 0.10 (0.004) 0.15 (0,006) 0.20 (0.008) 0.25 (0.010) TIS,M42 Finishin 
15 50 9.15 (0.006) 0.20 (0.008) 0.25 (0.010) 0.30 (0.012) c2 d 
S13800, 535000, 525500, T 
54550 .... — m 55 0.13 (0.005) 0.20 (0.008) 0.25 (0.010) 0.38 (0.015) Т15.М42 Roughing 
21 70 0.20 (0.008) 0.30 (0.012) 0.41 (0.016) 0.61 (0.024) С? 
9 30 0.10 (0.004) 0.15 (0.006) 0.20 (0.008) 0.25 (0.010) TIS.M42 inibi 
14 45 0.15 (0.006) 0.20 (0.008) 4.25 (0.010) 0.30 (0.012) c s 
от scri AEEA RS A EEN 15 50 0.13 (0.005) 0.20 (0.008) 0.25 (0.010) 0.38 (0.015) TI5,M42 Roughing 
20 65 0.20 (0.008) 0.30 (0.012) 0.41 (0.016) 0.61 (0.024) c 
8 25 0.10 (0.004) 0.15 (0.006) 0.20 (0.008) 0.25 (0.010) TI5.M42 Pinte 
12 40 0.15 (0.006) 0.20 (0.008) 0.25 (0.010) 0.30 (0,012) c = 
(а) All speeds given are for material in the annealed condition (140-270 HB) except for the precipitation-hardenable grades. which are solution treated (150-325 HB) or equalized and overtempered for 535000. 
and 535500. For material heat treated or cold drawn to hardnesses higher than their normal anacaled or softest level. best results are obtained by reducing speeds by approximately 25% to as much us 75% 
depending on hardness. Premium high-speed steel or carbide tooling may also be necessary at the higher hardnesses. (b) Any premium high-speed steel (T) 33. M41-47) can be used where the designated 
tool material M42. Source: Ref 38, 52 








taken to avoid work hardening the surface 
prior to thread rolling. Despite these cau- 
tions, however, thread rolling offers certain. 
advantages. The threads produced are 
Stronger and tougher than cut threads and 
can be more accurate in size. Generally, the 
nonfree-machining alloys will produce 
smoother and cleaner threads than the free- 
machining alloys. 





High-speed steel cutters are used in mill- 
ing stainless steels, although tooling with. 
carbide inserts can also be used, particular- 
ly for alloys that are more difficult to ma- 
chine. Generally, the smoothest finishes are 
obtained with helical or spiral cutters run- 
ning at high speed, particularly for cuts over 
19 mm (0.75 in.) wide. Helical cutters cut 
with a shearing action and thus cut more 
freely and with less chatter than straight- 
tooth cutters. Coarse-tooth or heavy-duty 
cutters work under less stress and permit 


higher speeds than fine-tooth or light-duty 
cutters. They also have more space be- 
tween the teeth to aid in chip disposal. 

For heavy, plain milling work, a heavy- 
duty cutter with a faster, 45° left-hand spiral 
is preferred. The higher angle allows more 
teeth to contact the work at the same time. 
This applies steady pressure on the arbor 
and spindle, thus reducing chatter. In wide, 
slab milling, such cutters are particularly 
necessary to produce smooth finishes and 
to avoid chatter. 

Milling deep slots in stainless steel some- 
times presents the problems of chatter, 
binding, and jamming of wide chips. These 
difficulties can be eliminated by using a 
staggered-tooth cutter. Its alternating teeth 
cut only one-half of the slot, thus taking a 
smaller bite and producing a shorter chip. 
For the end milling of stainless steels, the 
solid-shank end mill is preferred because of 
its high strength. 

Grinding of Milling Cutters. Figure 34 
shows the rake angle, land width, and pri- 
mary and secondary clearance for high- 








speed steel cutters. The geometries shown 
provide sufficient strength and clearance. 
On cutters up to 100 mm (4 in.) in diameter, 
the maximum clearance shown in Fig. 34 
should be used, remembering that small 
cutters require a greater clearance angle 
than large cutters. Sufficient clearance be- 
hind the cutting edge of every tooth is 
necessary to avoid a rubbing or burnishing 
action. Excessive vibration may indicate 
that the cutter has insufficient clearance 
(rigidity of the tooling and fixtures should 
also be considered). Hogging-in generally 
indicates too much rake (or possibly too 
high a cutting speed). 

Milling Parameters and Cutting Fluid. 
Table 9 lists speeds and feeds for end (pe- 
ripheral) milling stainless steels using either 
high-speed steel or carbide tooling. It may 
be necessary to vary feeds from the nominal 
values. If the feed is too light, the tool will 
burnish the work; if too heavy, tool life will 
be shortened. 

Speeds and feeds also vary for heavy 
roughing cuts and lighter finishing cuts. For 
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Table 12 Nominal power hacksawing parameters for wrought stainless 


steels 


Depending on actual machining conditions, optimum parameters may be higher or lower than those given. 





"Pitch (teeth per 25 mm (1 in.) at а material thickness of: 



















































<6mm 6-19 тт 19-S0mm >т Speed, — | —— Feed — —] 
UNS designation(a) (Yin) Miny — Oli) Оа) strokesmin mmstroke — in/stroke 
Free-machining alloys 
Ferritic alloys 
18235, 543020, 543023 10 6 4 4 130 0.15 0.006 
518200. s 10 6 4 4 130 0.15 0.006 
Martensitic alloys 
541600. 541610, 541623 ....... 10 6 4 4 130 0.15 0.006 
542020. $42023......... 10 6 4 4 120 0.15 0.006 
544020, 544023.. -10 6 4 4 по 0.15 0.006 
Austenitic alloys 
520300, 530300, S: 
30360... РЕТ 6 6 4 по 0.15 оо 
530323, 530330, 530345, 
530431, 831620, 834720, 
534723 è 10 6 6 4 95 915 0.006 
Nonfree-machining alloys 
Ferritic alloys 
540500, S40900, 543000. 
10 6 а 4 120 0.15 0.006 
бам 10 6 4 4 по 0.15 0.006 
Martensitie alloys 
$40300, $41000............. 10 6 4 4 по 0.15 0.006 
541400, 542000, 542010 
543100 ...... „> see 10 10 6 4 85 0.10 0.004 
S44002, 544003, 544 -10 10 6 4 50 0.10 0.004 
Austenitic alloys 
520100, 530100, 830200, 
53040. 3 30, 
530500, 531600. 531603. 
532100, 534700, 538400 ..... 10 10 6 4 90 0.10 0.004 
530900, 530908, 531000, 
31008, 831700, 521703 ...... 10 10 6 4 65 0.10 0.004 
520910, 521904, 524100, 
28200, 530452, №08020..... 10 10 6 6 45 0.075 0.003 
Duplex alloys. 
831803, $32550, 532900. 
532950 ...... 10 10 6 4 65 0.10 0.004 
Precipitation-harde 
айоуз(а) 
515500, 517400, 517700. 
45000 ... visos Mo 10 6 4 o 0.10 0.004 
13800, 535000, 535500, 
545500... * 10 10 6 4 6 0.10 0.004 
566286 .... 10 10 6 4 45 0.075 0.003 





(a) All machining parameters given are for material in the annealed condition (140-270 HB) except the preci 
which are solution treated (150-325 HB) or equalized and overtempe 





to hardnesses higher than the normal annealed 
higher hardnesses are necessary for best results. Light-to-medi 


red for 835000 or 53: 
‘softest condition, speed reductions of approximately 10% to as much as 50% at the 
pressures are generally used (medium pressure at highest material 


jon-hardenable grades, 
treated or cold drawn 








5500. For material 


thickness: heavy pressure сап be used on the martensitic free-machining grades in the annealed condition at higher material thicknesses. 


Source: Ref 38, 52 





example, a roughing cut would be run with 
heavier feeds and slower speeds than those 
used for finishing cuts. Regardless of the 
type of cut, both work and tool should be 
flooded with a good sulfurized oil properly 
diluted with paraffin oil, or preferably a 
good emulsifiable fluid. Milling generates 
considerable heat, which must be carried 
off by the cutting fluid; otherwise, the work 
will distort and the tool edges will dull or 
chip rapidly. 

Once a milling cut has been started, it 
should not be stopped unless absolutely 
necessary because the tool will undercut 
when starting again. When it is necessary to 
back out and start again, the tool should be 
placed two or three turns behind the work 
before starting again. This eliminates the 





danger of backlash and guards against un- 
dercutting. 


Broaches for stainless alloys are made of 
high-speed steel. A broach is a simple tool 
to handle because the broach manufacturer 
builds into it the necessary feed and depth 
of cut by steps from one tooth to another. 
Basically, a broach can provide a roughing 
cut, a semifinished cut, a final precision cut, 
or any combination of these operations 
(Fig. 35). Some broaches are made with 
burnishing buttons when a burnished finish 
is required, Because the form or shape of a 
broach tooth is unlimited, there is no limi- 


Table 13 Cutting rates for stainless 











steels in abrasive watet 
machining 

Thickness Cutting rate 
Alloy mm im. mmímin inJmin 
SISS004)....... 3 9.13 730380 — 9-15 
SI5500(a)......64 2.50 1325 05-1 
531600()......75 (diam) 3(diam) 13-50 05-2 
517400)......25 1 50 2 


(а) 275-345 MPa (40-50 ksi) pressure with 60-mesh garner, (b) 
200 MPa (30 ksi) pressure with 60-mesh garnet. Source: Ref 33, 
Я 





tation to the shape or contour of broached 
surfaces. 

In designing the radius for the broach, the 
manufacturer provides maximum tooth 
strength and a pocket for chips. Depending 
on the job, the broach manufacturer can 
also incorporate into the broach such items 
as side relief (flat broaches), undercut and 
clearance (spline broaches), and chip break- 
ers (to handle wide chips). 

When a broach becomes dull, it should be 
resharpened only on a broach grinder or 
returned to the manufacturer for regrinding. 
For internal broaches, the back-off angle 
should be held to a minimum, preferably 2° 
and not more than 5? (Fig. 35). Too much 
back-off angle will shorten broach life be- 
cause of size reductions from resharpening. 

Any nicks on the cutting edges of the 
broach will score the surface of the work. 
Therefore, careful handling is very impor- 
tant. 

Broaching Parameters and Cutting Flu- 
id. Table 10 lists nominal feeds and speeds 
for broaching various stainless steels. Sul- 
fochlorinated oils diluted with paraffin oil, 
rather than water-soluble oils, are suggest- 
ed. 

When broaching hard (35 HRC) stainless 
steel, it is necessary to reduce the speed and 
to use a lubricant with very little thinning, 
Broaches have been used to cut stock hard- 
er than 35 HRC, but the cost is usually 
prohibitive because the broach dulls rapid- 
ly. Where higher hardnesses are required, 
pieces should first be broached and then 
heat treated. To remove any light scale and 
to correct possible distortion resulting from 
heat treating, a special broach known as a 
hard gear broach can be used on machines 
having sufficient power. 





Reaming 


The difficulties involved in reaming 
stainless steel are most often caused by 
previous operations, particularly with the 
nonfree-machining austenitic alloys. For 
example, if the feed in drilling is too light, 
the hole wall can be severely work hard- 
ened and can resist cutting by the reamer. 
It is also important that ample material be 
left from the previous operation to allow 
the reamer to get below any work-hard- 
ened layer. 
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Workpiece 











thickness Hole diameter пишер tir beam width, frequency, 
Alloy. mm а. тт in, time, s voltage, KY current, pA рз Hr 
Ferritic/martensitic .. 0.25 0.010 0015 QUOS — <I 130 60 4 3000 
Stanlesssteel....... LO 0.040 0.13 0.005 E 140 100 80 
Stainless steel 0080 — 0.13 0.005 10 140 100 80 50 
Stainless steel 0.100 — 0.3 0.005 10 140 100 30 50 
Stainless steel 0250 05-10 0.020-0.40 180 145 4X0 2100 125 





Source: Ref 55 





Reamer Design. Reamers of straight or 
spiral-flute design are used for both straight 
and tapered holes. Spiral-flute reamers are 
usually preferred because they are less sus- 
ceptible to chatter, can better dispose of 
chips from deep holes, and are capable of 
producing a better finish. 

Recommended design for high-speed 
steel reamers for all grades of stainless steel 
at 135 to 425 HB is: 





Margin (or land) width, 
MM (n)... 
Chamfer angle, degrees ...... 
Chamfer length, mm (in. 11S Cho) 
Chamfer relief angle. degrees .. 4-5 
Radial rake angle, degrees... 3-8 
Helix angle, degrees + 0-00 
Primary relief angle. degrees... 4-8 


22. 0.13-0.38 (0.005-0.015) 
. 30-40 











For carbide-tip reamers, margin (land) 
width should be 0.05 to 0.13 mm (0.002 to 
0.005 in.) for reaming all free-mac! 74 
stainless stecls (135 to 425 HB) and nonfree- 
machining martensitic grades up to 52 HRC. 
For reaming the nonfree-machining ferritic 
and austenitic grades and the precipitation- 
hardening grades, the margin should be 
increased to 0.13 to 0.25 mm (0.005 to 0.010 
For reaming all grades, carbide-tip 
reamers should have the following geome- 
try: 











Chamfer (lead) angle. degrees .. 
Chamfer length, mm (in.) ... 
Radial rake angle, degrees 

Helix angle, degrees. ....... 
Primary relief angle, degrees 





.2 
2A BOR) 
.. 7-10 








Reaming Parameters and Cutting Fluid. 
Feeds and speeds for reaming stainless 
steels are listed in Table 11 for high-speed 
steel or carbide tooling and for roughing or 
finishing operations. When finish of the hole 
is not critical, the parameters for roughing 
can be used. Smooth finishes require signif- 
icantly lower speeds. When both size and 
finish are important, a two-step operation 
should be used with both roughing and 
finishing cuts. 

The cutting fluid must be given careful 
consideration to avoid overheating. In addi- 
tion to providing good lubrication, the cut- 
ting fluid must be a coolant to carry away 
the heat that would otherwise burn the 
cutting edges of the reamer. The cutting 





fluid must also be kept clean. Reaming 
produces slivers and very fine chips, which 
can float in the cutting fluid and damage the 
surface finish of the work, especially if the 
machine is equipped with a recirculating 
system. 


High-speed steel blades are used for cut- 
ting wrought and cast stainless steels by 
band sawing and power hacksawing. Pitch- 
es for band saw blades are eight to ten teeth 
per 25 mm (1 in.) for cutting material up to 
6 mm (М in.) thick, six to eight teeth per 25 
mm (1 in.) for thicknesses of 6 to 32 mm (1⁄4 
to 1% in.), and three to six teeth per 25 mm 
(1 in.) for materials thicker than 38 mm (1/2 
.). 
Power hacksaw blades of ten teeth per 25 
mm (1 in.) are recommended for material up 
to 20 mm (4 in.) thick. Coarser blades of six 
teeth per 25 mm (1 in.) are used for material 
from 20 to 50 mm (% to 2 in.) in thickness; 
blades of four teeth per 25 mm (1 in.) are 
used for material 50 mm (2 in.) or more in 
thickness. 

Feeds and speeds for sawing stainless 
steel are primarily influenced by the hard- 
ness of the material being cut. Table 12 lists 
some nominal feeds and speeds for the 
hacksawing of stainless steels. Table 9 in 
the article “Sawing” in this Volume lists 
speeds for the contour band sawing of stain- 
less steels. 


Grinding 


Aluminum oxide wheels are most com- 
monly used for stainless steels. Silicon car- 
bide wheels can also be used, but at a 
reduced wheel life; therefore, their use is 
limited to special applications. Medium- 
density wheels of hardness grades H to L 
are generally selected for stainless steels, 
although harder wheels are used for thread 
grinding. Grit sizes commonly used are 46, 
54, or 60; finer grits can be used to produce 
a finer finish. Vitrified bond wheels are 
normally used, although the stronger res- 
inoid bond wheels are preferred for equip- 
ment operated at higher speeds. Grinding 
wheels used previously to grind another 
metallic material should not be used to grind 
a stainless steel, because particles of the 
other material may be embedded in the 


Table 15 Plasma arc cutting 
parameters for stainless steels 








Thickness Cutting speed Power 
mm in mmimin in/min selection, A 
a: аоазх 1800 70 105 
2500 100 140 
3800 150 210 
13 0.50........ 500 0 135 
1000 40 190 
1800 70 250 
2500 100 270 
3800 150 700 
5300 210 1000 
$5 Чы .. 280 10 75 
500 20 210 
760 30 E 
1000 40 350 
2000 80 540 
2800 110 1000 
381 Sorone 050 10 280 
500 20 420 
1000 40 620 
1800 70 1000 
50 2. eus MD 5 320 
250 10 420 
500 20 610 
1000 40 950 
65 2,5 130 5 410 
250 10 550 
500 20 820 
39 BS, 180 5 510 
250 10 675 
500 20 1020 
WD) Kasr 130 5 550 
250 10 730 
500 20 110 
100 фм. 130 5 675 
250 10 900 
115 . 130 5 900 
130 75 3 1100 
140 7 3 1100 





Source: Ref 55 





stainless steel, affecting its corrosion resis- 
tance. 

Grinding Parameters and Cutting Flu- 
id. For many grinding operations, typical 
wheel speeds are 1500 to 2000 m/min (5000 
to 6500 sfm). For surface grinding, table 
speeds are 15 to 30 m/min (50 to 100 sfm), 
with a down feed of up to 0.050 mm/pass 
(0.002 in./pass) for roughing and 0.013 mm/ 
pass (0.0005 in./pass) for finishing and a 
cross feed of 1.3 to 13 mm/pass (0.050 to 
0.500 in./pass). Thread grinding is done at 
higher speeds with harder wheels, as men- 
tioned previously. 

Because of the lower thermal conductiv- 
ity of stainless steels, a good coolant is 
necessary when grinding them. Convention- 
al water-soluble fluids generally provide 
lower grinding wheel life than heavy-duty 
sulfochlorinated soluble oils at a concentra- 
tion of about 10%. 


Nontraditional 
Machining Operations 


Although most stainless steels are ma- 
chined with conventional techniques, non- 
traditional techniques are used when ma- 
chining alloys with extreme toughness or 
hardness or when machining intricate 
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shapes. This section will briefly describe 
some of the nontraditional machining tech- 
niques that have been successfully applied 
to stainless steels. More detailed informa- 
tion on the processes and basic operating 
parameters can be found elsewhere in this 
Volume. 

‘Abrasive jet machining is not intended 
for bulk material removal. This process 1s 
used for cleaning and deburring operations. 

Abrasive waterjet machining provides 
omnidirectional cutting and is highly suit- 
able for automation and the cutting of com- 
plex shapes from stainless steel. It is slower 
than plasma arc machining, but does not 
introduce residual stress or a heat-affected 
zone. Table 13 lists some abrasive waterjet 
cutting rates for stainless steel. 

Electrochemical machining is used for 
machining hard materials into complex 
shapes. Electrochemical machining is faster 
than electrical discharge machining and 
does not introduce metallurgical changes or 
distortion at the surface. 

Electrostream and shaped tube electro- 
lytic machining are modified electrochem- 
ical machining processes that are used for 
drilling small holes in corrosion-resistant 
metals. The articles "'Electrostream and 
Capillary Drilling” and "Shaped Tube Elec- 
trolytic Machining" in this Volume de- 
scribe their capabilities in more detail. 

Electron beam machining is used in the 
high-precision drilling of fine holes or nar- 
row slots in thin materials. Table 14 lists 
some electron beam drilling times of stain- 
less steel. 

Laser beam machining is also used to 
drill small-diameter holes. Unlike electron 
beam machining, laser beam machining 
does not require a vacuum. 

Plasma arc machining is used to per- 
form straight cuts of tough materials at high 
speeds. Table 15 provides some typical cut- 
ting rates with plasma arc machining. 
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Machining of Tool Steels 


THE HIGH CARBON and alloy contents 
that make tool steels serviceable as tools 
also make them more difficult to machine 
than the lower-carbon and the lower-alloy 
constructional steels. Table | gives nominal 
compositions of the alloy tool steels cov- 
ered in this article (additional information 
can be found in the articles "High-Specd 
Tool Steels" and “P/M High-Speed Tool 
Steels" in this Volume). Several of the 
alloying elements used in tool steel, espe- 
cially chromium, tungsten, molybdenum, 
and vanadium, readily form carbides that 
have adverse effects in machining. These 
effects are markedly influenced by the size, 
shape, and distribution of the carbide parti- 
cles in the matrix of the steel. 

Most tool steels (notably the higher-car- 
bon tool stcels) are easiest to machine when 
they have been annealed to a microstruc- 
ture that consists of small spheroidal car- 
bides uniformly distributed in a matrix of 
ferrite. 

In tool steels containing less than about 
0.75% C, the spheroids are more likely to 
become large and widely dispersed in rela- 
tively large areas of ferrite. Carbides dis- 
persed in this manner cause poor finish and 
low tool life. If the alloy content of the steel 
is low, the ferrite is characteristically gum- 
my; if the alloy content is high, the ferrite is 
tough. Thus, the properties of the ferrite 
matrix, as well as the size and distribution 
of carbides, can be a major factor in the 
machinability of tool steel. The preferred 
structure usually is a mixture of spheroidite 
and lamellar pearlite obtained by controlled 
annealing. As the carbon content is in- 
creased to approximately 1% in unalloyed 
tool steel, the spheroids become finer, more 
numerous, and more closely spaced. 

To provide a basis for comparing the 
relative machinability of different types of 
tool steel, carbon tool steel containing 1% C. 
is rated 100; other tool steels are rated as a 
percentage of 100, as shown in Table 2. 

The micrographs in Fig. | indicate the 
differences in microstructure characte: 
of three different tool steels (W1 containing 
196 C, A2, and M2) in the annealed condi- 
tion. As shown in Fig. I(a), the microstruc- 
ture of the WI steel is a uniform distribution 
of small spheroids. In the A2 steel (Fig. 1b), 
massive alloy carbides appear, and in the 
M2 steel (Fig. 1c), the carbides are larger 
and more numerous than in A2. As an- 
nealed, the hardness ranges are 156 to 196 











HB for W1, 202 to 217 HB for A2, and 217 
to 235 HB for M2. However, the increase in 
hardness is only partly indicative of the 
relative decrease in machinability encoun- 
tered in a comparison of these steels. Com- 
pared to the iron carbide in the unalloyed 
steel, the more abrasive alloy carbides have 
a greater adverse effect on machining char- 
acteristics than the slightly higher hardness 
of the annealed steels containing them 
would indicate. 

Hardness. Low-carbon tool steels are 
relatively soft in the annealed condition and 
have machining characteristics similar to 
those of their counterparts in tonnage car- 
bon and alloy steels. For instance, РІ mold 
steel has machining characteristics similar 
to those of 1010, and P20 closely resembles 
4130 in machinability, under conditions of 
similar annealing practice. 

WI steel can be annealed to a hardness of 
less than 200 HB, whereas the typical hard- 
ness of annealed TI5 and M15 high-speed 
steels is about 255 to 275 HB. Tool steels 
containing high percentages of cobalt, 
which strengthens the ferrite, also have 
lower machinability because of generally 
higher hardness, as annealed. T5 and T6 
cobalt-containing high-speed steels can be 
annealed no softer than about 250 to 275 
HB. 

As machinability decreases because of 
hardness or composition, or both, greater 
power and rigidity are required in the ma- 
chine tool to perform a given machining 
operation. 

Tool Steel Selection. An aid to the selec- 
tion of tool steels is the graphs given in Fig. 
2, in which the major selective factors (wear 
resistance, toughness, and hot hardness) 
are plotted against each other. 

Tool steels vary widely in wear resis- 
tance, and the numbers 1 to 9 used to rate 
them arc not intended to indicate the quan- 
titative differences, which are considerably 
greater than 9 to 1. Hardness too can signif- 
icantly influence this property, while tough- 
ness of tool steels varies widely with carbon 
content, heat treatment, surface condition 
of tools, and size of section. 

This method of selection is recommend- 
ed. The user should learn the technique of 
analyzing an application for tool steel on the 
basis of important required metallurgical 
properties and select the group or class of 
tool steel that most closely matches re- 
quired properties. On many applications, 


two or more classes need to be considered, 
depending on the interrelation of the major 
selective factors (wear resistance, tough- 
ness, hot hardness) and the minor selective 
factors in addition to those affecting manu- 
facturing and cost. 

Table 3 is a quick reference guide for 
selecting tool steels on the basis of specific 
product applications. 


Turning 


Tools made from high-speed tool steel, 
carbide, and cast Co-Cr-W alloy are all used 
for turning tool steels. For continuous cutting 
with sufficient rigidity to prevent chatter, 
carbide tools usually provide the greatest pro- 
ductivity at the lowest tool cost per piece. 
However. for shock loads (as in interrupted 
cutting). for the turning of forged drill blanks, 
or for setups lacking rigidity, high-speed tool 
steel tools are more suitable than carbide. 
Cast alloy tools are especially suited for turn- 
ing applications in which rugged cutting is 
necessary or in which the use of cutting fluids 
is impractical. 

Indexable coated carbide, cubic boron 
nitride (CBN), and ceramic tooling inserts 
have also been used for turning because of 
their higher resistance to wear and hence 
longer tool life. 

Indexable carbide inserts have now re- 
placed ground carbide tools in most appli- 
cations, with the exception of form tools, 
which consist of electrical discharge ma- 
chined (EDM) micrograin carbide. 

Standard ANSI inserts and toolholders to 
match the shape of the parts being ma- 
chined should be used. Negative rake is the 
most cost effective for straight carbide and 
coated carbide inserts. 

Ceramic inserts are currently being used 
in machining operations involving the turn- 
ing and boring of tool steels. Aluminum 
oxide-base ceramics are used almost exclu- 
sively to machine tool steels; Si;Ny-base 
ceramics are unsuitable because of chemi- 
cal interactions that occur at the cutting 
interface. Thus, while Si,N,-base ceramics 
are now commonly used to machine aero- 
space materials such as high nickel-base 
alloys and automotive components made of 
cast irons, Al,O,-base ceramics have found 
widespread use in the machining of tool 
steel materials. 

Both cold-pressed and hot-pressed 
Al.O.-base ceramics are used to machine 
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Table Т Composition limits of principal types of tool steels 


n Designations 1 Т ‘Composition, (a) - 1 
AISI SAE UNS € Mn si cr Ni Mo w у Co 














Molybdenum high-speed steels 
















































MI MI TIDOL........... 0.78-0.88 0.15-0.40 0.20-0.50 0.30 max 8.20-9.20 1.40-2.10 
M2 M2 T1302. 0.78-0.88; 0.95-1.05 0.15-0.40 0.20-0.45 0.30 max 4.50-5.50 5.50-6.75 
M3, class | M3 тиз... ‚100-110 0.20-0.45 0.30 max 475650 5.00-6.75 
МЭ, class2 МЗ TUBB „аана LISS 0.20-0.45 0.30 тах 4.75-6.50 500675 
M4 M4 T11304.,..,,..... 1.25-1.40 0.15-0.40 020-045 0.30 тах 4.25-5.50 525-650 25 
M6 тиз. 2. 0.75-0.85 0.15-0.40 0.20-0.45 0.30 max 4.50-5.50 — 3.75-4.75 11.00-13.00 
M7 Ue T1307..,........ 097-105 0.15-0.40 0.20-0.55 0.30 max 8.20-9.20 1.40-2.10 ve 
MIO T1310. 0.84-0.94; 0.95-1.05 0.10-0.40 0.20-0.45 0.30 тах 7.75-8.50 et ses 
M30 Тт11330........... 0.75-0.85 0.15-0.40 0.20-0.45 0.30 max 7.75-9.00 — 1.30-2.30 4.50-5.50 
M33 711333 0.85-0.92 0.15-0.40 0.15-0.50 0.30 max 9.00-10.00 1.30-2.10 775-875 
M34 TIIM4 0.85-0.92 0.15-0.40 0.20-0.45 0.30 тах 7.75-9.20 — 1.40-2.10 7.75-8.75 
M36 Т!1336........... 0.80-0.90 0.15-0.40 0204045 0.30 max 4.50-5.50 5,50-6,50 
Mal : тїзї ‚105-115 0.20-0.60 0.15-0.50 0.30 тах 3.25-4.25 625-700 
M42 : тиз? 1.05-1.15 0.15-0.40 0.15-0.65 0.30 max 9.00-10.00 115-185 
Маз e TIIM3 1.15-1.25 9.20-0.40 0.15-0.65 0,30 max 7.50-8.50 
К тиз 1.10-1.20 0.20-0.40 0.30-0.55 0.30 тах 6.00-7.00 
M46 e TI IM6 s 122-130. 0.20-040 0.40-0.65 0.30 max — 8.00-8.50 7.80-8.80 
M47 “ т1з47. ‚105-115 0.15-0.40 020-045 0.30 max — 9.25-10.00 475-525 
Tungsten high-speed steels 
TI TI Тт12бо!........... 0.65-0.80 0.10-0.40 020040 375-400 — 0.30 max 17.25-18.75 0.90-1.30 
T T Т12002.... + 0,80-0.90 0.20-0.40 0.20-0.40 3754450 0.30 тах 1.00 max 50-19.00 180-240 
T4 T4 T12004.. ... 0.70-0.80 0.10-0.40 0.20-0.40 3.75-4.50 0.30 max 040-100 50-19.00 0.80-1.20 
TS TS Т12005........... 0752088 0.20-0.40 020040 375-50 0.30 тах 0.50-1.25 17.50-19.00 1.80-2.40 
T6 р TI2006 . 0.75-0.85 0204040 0.20-0.40 4.00-4.75 0.30 тах 0.40-1.00 18.50-21.00 1.50-2.10 
18 тї TI2008 0.75-0.85 0.20-0.40 020040 3.75-4.50 0.30 тах 0.40-1.00 13.25-14.75 1802240 
TIS ir TI2015. - 1.50-1.60 0.15-0.40 0.15-0.40 375-500 0.30 тах 1.00 тах 11.75-13.00 450525 4.75-5.25 
Chromium hot-work steels 
H10 seji 120810... «(035-045 0.25-0.70 0.80-1.20 300375 0.30 тах — 2.00-3.00 . 0.25-0.75 
HII HII Т20811..... 0.33-0.43 0.20-0.50 0.80-1.20 475550 0.30 max 1.10-1.60 0.30-0.60 
H12 н? Т20812.... 0.30-0.40 0.20-0.50 0.80-1.20 475550 0.30 max 0.50 тах 
HI3 нз T20813 0.32-0.45 0.20-0.50 0.80-1.20 4.75-5.50 0.30 max 0.80-1.20 
Hid T20814 0.35-0.45 0.20-0.50 0.80-1.20 4.75-5.50 0.30 max 9а 
HID tee T20819. ‚ 0.32-0.45 0.20-0.50 020050 400475 0.30 max 0.30-0.55 15. 4,004.50. 
"Tungsten hot-work steels. 
н?! T20821 20 0.26-0.36 0.15-0.40 0.15-0.50 3.00-3.75 0.30 тах ze 8.50-10.00 — 0.30-0.60 
эө 0.30-0.40 0.15-0.40 0.15-0.40 175375 0.30 max e 10.00-11.75 0.25-0.50 
- 0.25-0.35 0.15-0.40 015-060 11.00-12.75 0.30 тах ee 11.00-12.75 0.75-1.25 
. 0424.53 0.15-0.40 0.15-0.40 2.50-3.50 0.30 max . 14.00-16.00 040-060 
. 0.22-0.32 0.15-0.40 015-040 375-450 0.30 max ve 14.00-16.00 0.40-0.60 
+ 0,45-0,55(b) 0.15-0.40 0.15-0.40 375-4450 0.30 max : 17.25-19.00 0.75-1.25 
Molybdenum hot-work steels 
H42 res ОМ. ызы» 0.550.705) 0152040 + 3.75-4.50 0.30 тах 4.50-5.50 — 550-675 175-220 
Air-hardening, medium-alloy, cold-work steels 
Al Al T30102.. 0.95-1.05 1.00 max 0.50 тах 475-550 0.30 max 090-140 sa 0.15-0.50 
A3 EL T30103 1.20-1.30 040-060 0.50 max 4.75-5.50 0.30 max 090-140 . 0.80-1.40 
A4 : T30104,.......... 0.95-1.05 180-220 0.50 тах 090229 0.30 max 0.90-1.40 id 
AG . 130106 ........... 0.684175 1.80-2.50 0.50 тах 0.90-1.20 0.30 тах 090140 sax 
AT : T30107..... 2.00-2.85 0.80 max 0.50 max 5.00-5.75 0.30 max 0.90-1.40 0,50-1,50 3.90-5.15 
АВ E T30108........... 0.50-0.60 0.50 max 4.75-5.50 — 0.30 тах 115-1655 100150 UA 
A9 . T30109 ... «s 0.45-0.55 0.50 max 4.75-5.50 125-175 130-180 Ue 0.80-1.40 
AID : T3000... 125-1 1.60-2.10 ee 1.55-2.05 125-175 e 
High-carbon, high-chromium, cold-work steels 
D2 р? T30402..... 1.40-1.60 0.60 max 0.60 max 11.00-13.00 0.30 max 0.70-1.20 1.10 max 1.00 max 
D3 D3 T30403 2.00-2.35 0.60 max 0.60 тах 11.00-13.50 0.30 тах 1.00 тах 1.00 тах . 
D4 2 T3404 2s 25-240 0.60 max — 0.60 max 00-13.00 0.30 max 0.70-1.20 à 1.00 max s 
Ds DS т30405........... 140-160 0.60 max 060тах 11.00-13.00 0.30 тах 070-120 1.00 тах 2.50-3.50 
D? D7 T30407.... 2.15-2.50 0.60 max 0.60 max 11.50-13.50 0.30 max 070-120 U 3,804.40 Hs 
Oil-hardening cold-work steels 
о! о! T31501........... 0.85-1.00 100-140 0.50 тах 0.40-0.60 0.30 max = 0.40-0.60 0.30 тах 
02 02 T3802... 2. 0.85-0.95 1.40-1.80 0.35 тах 0.30 max 0.30 max . 0.30 max 
06 06 T3506... - 125-1.55(c) 0.30-1.10 0.55-1.50 0.30 тах 0.30 тах 0.20-0.30 ack z 
07 ao T31507 . 2 1101.30 1.00 max 0.60 тах 035085 0.30 тах 0.30 max 100200 0.40 max 
Shock-resisting steels 
5] 8! 141901........... 0.40-0.55 0.10-0.40 0.15-1.20 100-180 0.30 тах 0.50 тах 1.50-3.00 0.15-0.30 
Sz 52 1419%02........... 0.40-0.55 0.30-0.50 0.90-1.20 E 0.30 max — 0.30-0.60 + 0.50 тах 
85 55 T41905........... 0.50-0.65 0.60-1.00 1.75-2.25 0.35 тах mu 0.20-1.35 z 0.35 max 
S6 - T41906........... 0.40-0.50 200-250 1.20-1.50 = 0.30-0.50 == 0.20-0.40 
57 . 141907........... 0,450.55 0.20-0.80 0.20-1.00 300350 ЕЕ 1.30-1.80 : 0.20-0.30(4) 


(a) All stecls except group W contain 0.25 max Cu, 0.03 max Р, and 0.03 max S; group W steels contain 0.20 max Cu, 0.025 max P. and 0.025 max S. Where specified, sulfur may be increased to 0.06 to 
DS to improve machinability of groups Н, M, and T. (b) Available in several carbon ranges. (c) Contains free graphite in the microstructure. (d) Optional. (e) Also contains 1.05-1.25 Al. (f) Specified carbon 
ranges are designated by suffix numbers. 





(continued) 
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Table 1 (continued) 
[LL Designations i 1 Composition, 1a) = 
AISI SAE UNS € Ma si Cr м Mo w Y m 
Low-alloy special-purpose tool steels 
12 T61202 . 0.45-1.00(b) 0.10-0.90 0.50 max 0.70-1.20 0.25 max 0.10-0.30 
16 16 T61206 ‚ 0.65-0.75 0.25-0.80 0.50 max 0.60-1.20 125200 0.50 max 020-0308) 
Low-carbon mold steels 
P2 T51602 0.10 max 0.10-0.40 — 0.10-0.40 0.10-0.50 0.15-0.40 
PS 151603 0.10 max 0.20-0.60 0.40 max 100-150 — s 
P4 т51604 0.12 max 0.20-0.60 0.10-0.40 + 040-100 
PS 151605... 0.10 таҳ 0.20-0.60 0.40 max ж 
pé 751606... 0.05-0.15 0.35-0.70 0.10-0.40 : 
P20 TS1620...... 0.28-0.40 0.60-1.00 0.20-0.80 0.30-0.55 в 
Ре) 51621... 0.18-0.22 0.20-0.40 0.20-0.40 0.15-0.25 
Water-hardening tool steels 
wi W108. WIOS — T7301... 0.701.500) 0.10-0.40 0.10-0.40 0.15 тах 020 тах 0,10 max 0.15 тах 0.10 max 
эпо уп? 
w2 W209, W210 T 0.85-1.50 0.10-0.40 0.10-0.40 0.15 max 0.20 max — 0.10 max 0.15 max 0.15-4.35 
ws . тїз 105-115 0.10-0.40 0.10-0.40 040080 0.20 max 0.10 тах 0.15 тах 0.10 max 





(a) All steels except group W contain 0.25 max Cu, 0.0 max Р. and 0.03 тах S: group W 
0.1892 to improve machinability of groups H. M. and T. (b) Available in several carbon ranges. (c) Contains free graphi 


ranges are designated by suffix numbers, 


steels contain 0.20 max Cu, 0.025 max Р. and 0.025 max S. Where specified, sulfur may be increused to 0.06 to 
jite in the microstructure, (d) Optional. (е) Also contains 1.05-1.25 А]. (0 Specified carbon 





tool steels. These Al;O,-base ceramics can 
be classified as: 


© Group А-1: Al,O, with up to about 10% 
of other oxides or carbides, primarily 
those of titanium, magnesium, molybde- 
num, chromium, nickel, or cobalt. The 
mixtures are cold pressed and sintered 

* Group А-2: Essentially pure Al;O,. hot 
pressed 

* Group А-3: АО; and 25 to 30% of a 
refractory carbide such as titanium car- 
bide, hot pressed 


More detailed information on Si,N,-base 
and Al,O,-base ceramics can be found in 
the article "Ceramics" in this Volume. 
Cubic Boron Nitride Tools. It is now 
possible to turn and face mill almost any 
type of tool steel in the fully hardened 
condition, typically 63 to 65 HRC with 
CBN. Typical CBN cutting parameters are: 


* Speed range, 45 to 105 m/min (150 to 350 
sfm) 

* Feed, up to 0.10 to 0.13 mm/rev (0.004 to 
0.005 in./rev) or 0.025 to 0.075 mm/tooth 
(0.001 to 0.003 in./tooth) (milling) for neg- 
ative rake inserts 

© Surface finish, 0.25 to 0.38 ит (10 to 15 
uin.) R, (depending on feed and tool nose 
radius) 

ө The metal removal rate can be as much as 
ten times greater than the grinding rate 





Additional information on CBN can be 
found in the article "Ultrahard Tool Mate- 
rials" in this Volume. 

Tool Angles. Many form tools are diffi- 
cult to grind because of their shape or 
because they must maintain high accuracy. 
It is economical to use slower speeds and 
lighter feeds to prolong the life of such 
tools. Conversely, when the maximum 
rate of metal removal is the primary objec- 
tive, as in rough turning, tool grinding is 
usually simpler. For these conditions it is 


more economical to remove metal at the 
maximum rate and grind tools more fre- 
quently. 


Most tool steels, particularly those with a 
carbon content of 196 or greater, respond 
best to drilling when the microstructure 
consists of ferrite and small spheroidized 
carbides. However, the smallest carbides 
should be large enough to be resolved clear- 
ly at a magnification of 1000x. 

Carbon and lower-alloy tool steels, such 
as those in the W, O, and L groups, are 
drilled with standard drills of high-speed 
steel at speeds of 12 to 24 m/min (40 to 80 
sfm). 

For drilling more highly alloyed tool 
steels, such as high-speed steels (and par- 
ticularly the high-carbon high-vanadium 
types), special drills are used. These highly 
alloyed tool steels are not only harder (often 
up to 280 HB) but also more abrasive. 
Heavy-duty drills made of cobalt-bearing 
high-speed steel (such as TS, TI5, M6, or 
M36) are preferred. Nitriding the drills will 
prolong drill life. Lower speeds (often as 
low as 6 m/min, or 20 sfm) are usually best 
for drilling the more highly alloyed tool 
steels. More recently, the titanium nitride 
(ТҮМ) coated drills and indexable drills have 
been applied successfully in drilling some of 
these tool steels. 

Drill points with the conventional includ- 
ed angle of 118° and normal lip relief angle 
(about 12° for a 13 mm, or 6 diam drill) 
are suitable for drilling tool steels of the W, 
O, and L groups. However, drill points with 
a 130° included angle and lip relief about 
two-thirds the normal angle are more suit- 
able for drilling steels of the D and A groups 
and the high-speed steels, particularly when 
hardness of the work material is 260 HB or 
higher. A 135° crankshaft point is used on 





high-speed tool steels of high hardness, 
such as M42 and TIS. 

Cutting Fluid. Water-soluble or sulfu- 
rized oil should be used as a cutting fluid 
when drilling tool steels. The cutting fluid 
should be directed onto the cut, and the 
rate of flow must be sufficient to cool the 
drill point. In the vertical drilling of deep 
holes, an intermittent feed is best; that is, 
the drill should be withdrawn at regular 
intervals to remove chips, cool the point, 
and allow more cutting fluid to reach the 
cut. This is termed peck feed. In horizon- 
tal drilling, the cutting fluid is directed 
along flutes of the drill to the point. Inter- 
mittent withdrawal of the drill flushes 
away chips and allows the drill to cool. For 
deep-hole drilling, regardless of workpiece 
composition, oil-hole drills should be used 
to permit a continuous supply of cutting 
fluid at the critical area. 











Table 2 Approximate machinability 
ratings for annealed tool steels 

Based on the average cutting speeds for turning, boring, 
drilling, slab milling, and end milling given in Tables 5, 6, 
7, 9, 12, and 13. 





Muchinability 



















Steel or groupía) йад) 
Ww. 100 
Suc 60-70 
Omics 45-60 
A (except A7). 45-60 
D. A7 30-40 
HI0-HI9(c) 60-70 
H20-H43(c). 45-55 
M2. TI. . 40-50 
M3 (class 1), T4 35-40 
MIS, TIS... 2 
Lssaase . 655 
Fine 55-60 
PI-P6.. . 75-90 
P20, P21 65-80 


(ајҒог specific steels included in the H, M. and T groups. see the 
{ables mentioned in the table subtitle above, (b) A» a percentage 
of the rating of 100 for W steels. (c) Applies only to hardness range 


of 150 to 200 HB. 
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Speed and Feed 


Nominal speeds and feeds for machining 
the various tool steels are given in Tables 4 
to 16, These tables include turning. boring, 
broaching, drilling, reaming, tapping, mill- 





width of tool (in form turning) and diameter 
of the hole to be drilled or reamed. 

Speed. In Tables 4 to 16 the cutting 
speed is based on the use of rigid setups 
and effective cutting flui Speed depends 
largely on the composition and hardness of 











Microstructure of three annealed tool steels, indicating differences resulting from chemical composition that affect machining characteristics, (a) W1 (1.00% C), 156 
to 196 HB, etched in 2% nital. (b) A2, 202 to 217 HB, etched in 2% rital. (с) M2, 217 to 235 HB, etched in 5% nital. 750% 


processing examples in this article do 
not agree with those given in Tables 4 to 
16. These variations are generally caused 
by specific conditions such as lack of 
rigidity, workpiece configuration, machine 
capacity, or other factors that are not 























































































































ing, and sawing. Some of the tables also the steel being machined and оп the tool considered іп the tabulated nominal 
consider variables such as depth of cut, material. Speeds given in some of the speeds. 
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Fig. 2 Plets of (a) toughness against hot hardness and (b) wear resistance for tool steels. Types underlined indicate shallow-hardened tool steels. The area between the dashed 
9. 2 lines in (b) represents average values. 
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Table 3 Reference guide for tool steel selection 
"Tool мее categories, AISI letter symbols, and typical applications 
Cold-work R 




















High-speed Shock-resisting Special-purpose tool  Water-hardening 
Application areas tool steels, M and T Hot-work tool steels, H tool steels, D, A, and O tool steels, 5. Mold steels, P. steels, L and F ool steels, W 
Cutting tools .. General-purpose Tools with sharp Pipe cutter wheels Uses that do not 
Single-point types production tools: edges (knives, require hot 





(athe, planer, M2, TI 

boring) For increased abrasion 
Milling cutters resistance: M3, M4, 
Drills Mio 
Reamers Heavy-duty work 
Taps calling for high hot 


hardness: TS, TIS 
Heavy-duty work 

calling for high 

abrasion resistance: 


Threading dies 
Form cutters 





M42, M44 
Hot forging tools 

‘and dies .......... For combining hot 
Dies and ins hardness with high 


Forging machine abrasion resistance: 








Dies for presses and 
hammers: H20, H21 02 
For severe conditions 


razors) 
Tools for operations 
in which no high 





yet stability in 
heat treatment and 
substantial 
abrasion resistance 
are needed 


Hot trimming dies 
Blacksmith tools 
Hot swaging dies 


Hot trimming dies: 


plungers and M2, TI over extended 
piercers service periods: 
H22-H26, НАЗ 
Hot extrusion 
tools and dies Brass extrusion dies: Extrusion dies and ‘Compression 
Extrusion dies and TI dummy blocks: molding: 51 
mandrels H20-H26 
Dummy blocks For tools that are 
Valve extrusion exposed to less heat 
tools HI0-H19 
Cold forming dies ... Burnishing tools: МІ, Cold heading die Drawingdies:O! —— Hobbing and 
Bending, forming, TI casings: HI3 Coining tools: Ol, short-run 
drawing, and deep 02 applications: S1. 
drawing dies and Forming and 57 
punches bending dies: A2 Rivet sets and 
Thread rolling dies: rivet busters 
D2 
Shearing tools... Special dies for cold For shearing knives: Dies for medium Cold and hot shear 
Dies for piercing, and hot work: TI НЦ, H12 runs: A2, А6, Ol, blades 
punching, and For work requiring For severe hot-shearing 04 Hot punching and 
trimming high abrasion applications: H21, Dies for long runs: piercing tools 
Shear blades resistance: M2, M3 H25 D2, D3 Boilermaker tools 


Die casting and 
molding dies 


For aluminum and 


Trimming dies (also 
for hot trimming): 
A2 


А2, A6. OI 


lead: НІП, НІЗ 
For brass: Н?! 


Structural parts for 
severe service 
conditions . ........ Roller bearings for high 
temperature 
environment: TI 

Lathe centers: M2, TI 


Battering tools for 
hand and power. 


For aircraft 
components (landing 03 
gears, arrester hooks, Arbors: OI 
rocket cases): H11 


Pawls 
Clutch parts 


Lathe centers: D2, 


Bushings: A4 
Gages: D2 
Pneumatic chisels 
for cold work: 55 
For higher 


performances: 57 


Source: E, Oberg. F. Jones. and Н. Horton. Machinery’s Handbook, 23rd ed... H. Ryffel, Ed., Industrial Press Inc., 1988, p 483-484 


hardness or high 
abrasion resistance 

Examples with carbon 
content of 
applicable group: 

Taps (1.05/1.10% C) 

Reamers (1.10/1.15% 
С) 

Twist drills 
(1.20/1.25% C) 

Files (1.35/1.40% C) 


Smith tools 
(0.6510, 70% C) 
Hot chisels 
(0.700.759 С) 
Drop forging dies 
(0.90/1.00% C) 
Applications limited 
to short-run 
production 


Blanking. forming, Cold heading dies: 


and trimmer WI or W2 (С = 
dies when 1.0090) 

toughness has Bending dies: WI (C 
precedence = 1.0090) 

over abrasion. 

resistance: L6 


Knives for work 
requiring high 
toughness: L6 


Trimming dies 
10.90/0.9595 C) 
Cold blanking and 
punching dies 


(1.00% C) 
Plastic molds: 
P2-P4, P20 
Spindles, clutch Spring steel 
parts (if high (1,10/1.15% C) 
toughness is 
needed): L6 


For intermittent use: 
WI (0.80% C) 





Feed. Nominal feeds given in Tables 4 to 16 
are also affected by work metal composition 
and hardness, although generally to a lesser 
degree than are speeds. Depth of cut has a 
marked influence on optimum feed in opera- 
tions such as turning, boring, and milling. 


Water-Hardening 
Tool Steels 


The machining characteristics of water- 
hardening tool steels are covered here in 


three examples that describe the milling and 
drilling of these steels in production appli- 
cations. 

Example 1: Face Milling W2. After be- 
ing cold sawed to desired lengths, various 
sizes of hot-rolled sections of W2 tool steel 
(202 HB maximum) were face milled on a 
semiproduction basis using the setup shown 
in Fig. 3. To eliminate the clamping problem 
normally encountered in milling a mixture 
of steel sizes, the machine table was 
equipped with a 305 х 915 mm (12 x 36 in.) 


magnetic chuck. However, because the 
rough surface of the hot-rolled sections did 
not always make full contact with the 
ground surface of the magnetic chuck, the 
feed rate had to be varied according to the 
operator's judgment, and backup blocks 
sometimes had to be placed around the 
workpiece to prevent movement during 
milling (Fig. 3). 

The sections were milled in a 23 kW (30 
hp) vertical knee-type machine with a 230 
mm (9 in.) diam cutter that had 14 blades 
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Table 4 Nominal speeds and feeds for the turning of tool steels with high-speed steel tools 


High-speed steels M2 and T5 for groups W, S, O, A, D, H20, L, F, and P ond for group Н11 to 200 HB; M2, T5, ond T15 for groups T] and T4 and for group H11 at 
200 to 375 HB; T15, M41, M42, M43, and M44 for group T15 and for group Н11 at hardness above 375 HB 


















































T Form tools T Cutoff tools —— 
Single-point and box tool speed 1 Feed, Feed, 
Roughing 33 mm. Finishing 1.0 mm mires (n.Írev), mmireviin. frev), 
(0.040 in.) cut; Teed, ? Tor tool width of Speed, — for tool width of 

Hardness. Parme GMT) mimm mm smm Somm) mms mm Эти Amm! 

Steel HBia) sim ыт) иш. аш. Bing (sfm) (Мей. (M in.) Min) 

W group 150-200 30 100 Rs 3 0.043 0.036. 0.028. 34 0.036 0.041 0.048. 
(110) (0.0017) (0.0014) (0.0011) (110) (0.0014) (0.0016) (0.0019) 

S group. 175-225 AN 90 35 15 23 0.038 0.030, 0.023 23 0.030 0.036 0.043 
(75) (0,0015) (0.0012) (0.0009). (75) (0.0012) (0.0014) (0.0017) 

О group. 200-250 23 75 29 95 18 0.033 0.025 0.023 18 0.025 0.030 0.038 
60) (0.0013) (0.0010) (0.0009) (60) (0.0010) (0.0012) (0.0015) 

А groupib) . . 200-250 23 75 29 95 18 0.033 0.025 0.018 18 0.025 0.030 0.038 
(60) (0.0013) (0.0010) (0.0007) (60) (0.0010) (0.0012) (0.0015) 

D group and A7. 200-250 14 45(0.25 mm/rev. 18 60(0.13 mnvrev, 14 0.033 0.025 0.018 14 0.025 0.030 0.038 
or 0.010 in./rev) ог 0.005 in./rev) (45) (0.0013) (0.0010) (0.0007) (45) (0.0010) (0.0012) (0.0015) 

нс) 150-200 a 90 3 110 24 0.036 0.028 0.020 24 04008 0.033 0.041 
(80) (0.0014) (0.0011) (0.0008) (80) (0.0011) (0.0013) (0.0016) 

200-250 з 75 29 95 18 0.033 0.025 0.018. 18 0.025 0.030. 0.038 
460) (0.0013) (0.0010) (0.0007) (60) (0.0010) (0.0012) (0.0015) 

325-378 17 55 21 70 п 0010 0.023 9.015 п 0020 0.028 0.036 
(38) (0.0012) (0.0009) (0.0006) (35) (0.0008 (0.0011) (0,0014) 

48-50 HRC 8 25(025 mmrrev, 9  30(0.3 mm/írev, 6 0.028 0.020 0.013 6 0.018 0.025 0.033. 
or 0.010 in./rev) ог 0.005 in./rev) (20) (0.0011) (0.000) (0.0005) (20) (0.0007) (0.0010) (0.0013) 

50-52 HRC 6 — 20(0.18 ттеу, 8 25 (0.08 mmirev, e * ” or + ^h 

or 0.007 in./rev) ог 0.003 in./rev) 

150-200 2 65 M LU 20 0.028 0.020 20 0.028 0.033 0.041 
465) (0. (0.0011) (0.0008) (65) (0.0011) (0.0013) (0.0016). 

200-250 18 60 23 75 18 0.033 0.025 0.018. 18 0.025 0.030 0.038 
(60) (0.0013) (0.0010) (0.0007) (60) (0.0010) (0.0012) (0.0015) 

М2 and Т1(е)...... 200-250 20 65 24 80 18 0.041 0.033 0.023 I8 0.033 0.041 0.051 
(60) (0.0016) (0.0013) 10.0009) (60) (0.0013) (0.0016) (0.0020) 

M3-1 and Tait)... 18 60 2 75 17 0.038 0.030 0.020 17 0.030 0.038 0.048 
(55) (0.0015) (0.0012) (0.0008) (55) (0.0012) (0.0015) (0.0019) 

MIS and TIS(gh 12 40 (0.25 mm/rev. 15 50 (0.13 тпугеу. 15 0.038 0.030 0.020 15 0.030 0.038 0.048 
ог 0.010 in./rev) ог 0.005 in,/rev) 4S0) (0.0015) (0.0012) (0.0008) (50) (0.0012) (0.0015) (0.0019) 

L group. ‚ 150-200 9 95 7 no 23 0.043 0.036 0.028 23 0.036 0.041 0.048. 
(75) (0.0017) (0.0014) (0.0011) (75) (0.0014) (0.0016) (0.0019) 

F group. 200-250 24 LU 2 105 20 0.038 0.030 0.023 20 0.030 0.036 0.043. 
465) (0.0015) (0.0012) (0.0009) 465) (0.0012) (0.0014) (0.0017) 

Р1-Р6, . 100-150 37 120 46 150 27 0.043 0.036 0.028 27 0.036 0.041 0.048 
(90) (0.0017) (0.0014) (0.0011) 490) (0.0014) (0.0016) (0.0019) 

P20-P21 ‚ 150-200 2 105 4 ns 24 0.043 0.036 0.028 24 0.036 0.041 0.048 
(80) (0.0017) 40.0014) (0.0011) (80) (0.0014) (0.0016) (0.0019) 
ха) Unless otherwise noted. (h) Except A7. (c) Includes ulso H10. H12. НІЗ, H14. HI6, and H19. (d) Includes also H21, H22, H23. H24, H25, H41, H42, and H43. (c) Includes also MI, M6, M10, T2. T6, 


and Т7. (f) Includes also Ма, M7, M30. M33, M34, МЭХ, M36, M41, N42, M43, M44. 





i. and TR. (g) Includes also M3 (class 2) and T9. 


ource: Metcut Research Associates Inc 





tipped with C-6 carbide. Axial rake of the 
blades was 7°; radial rake was 3°. The cutter 
was mounted on the face of the spindle. 
Additional processing conditions are listed 
in the table accompanying Fig. 3. 
Example 2: Straddle Milling W2. Bars 
of W2 tool steel hot rolled to the T-section 
shown in Fig. 4 were machined simultane- 
ously on four faces by straddle milling. 
using the setup shown in Fig. 4. Bars of four 
different lengths (645 mm, or 2534 in.; 679 
mm, or 26% іп.; 781 mm, or 30% in. 
949 mm. or 37% in.) were milled in batches 
of 50. After milling, each length was sawed 
in half, and the halves were drilled; ulti- 
mately, these parts served as die guides. 
Straddle milling was done in a 23 kW (30 
hp) horizontal knee-type machine using two 
180 mm (7 in.) diam staggered-tooth cutters, 
each with 14 insert-type high-speed steel 
blades. The blades had 15° axial rake and 
11° radial rake. The cutters were mounted 
on an arbor to permit simultaneous milling 
of the width of the T and both adjacent 











flanges. Other proces: 
tabulated with Fig. 4. 
Milling. In the production milling of 
flutes in carbon tool steel drills, accuracy is 
of the utmost importance. Rigidity of the 
milling machine and setup is essentia 
However, even with required rigidity, ex- 
cessive variations in drill web and land 
dimensions may be experienced if the steel 
is not properly annealed. Specifically, the 
presence of lamellar pearlite in the annealed 
microstructure is objectionable because it 
may contribute to large vai ns in web 
and land dimensions and tearing of the 
surface metal. Also, despite the higher 
hardness of the pearlitic material, it has a 
lower resistance to machining as a result of 
the lower shear strength caused by the 
lamellae. Web and land dimensions, in ad- 
dition to varying widely, are often under- 
size. Because it is extremely difficult to 
produce lamellar pearlite in suitably small 
and controlled amounts during annealing, it 
is necessary that the annealed structure be 


g conditions are 











completely spheroidized. This is demon- 
strated by the application described in the 
following example. 

Example 3: Drilling W2. Eight 16.5 mm 
Сз in.) diam by 38 mm (1.5 in.) through 
holes were drilled in W2 die guide plates using 
the two-operation setup shown in Fig. 5. 
These plates ranged from 320 to 470 mm (12% 
to 18% in.) in length and from 16.0 to 23.8 kg 
(35.3 to 52.4 Ib) in weight. They were drilled 
in the annealed condition at 202 HB max. The 
3.7 kW (5 hp) box column, vertical drill press 
had a geared drill head with four adjustable 
spindles and a guide rod fixture base to ac- 
commodate two guide plate: 

In the first operation (top view in Fig. 5), 
parts were placed in the fixture with one 
end located firmly against a removable gage 
block and were clamped in this position. 
The drill press was cycled, and two holes 
were drilled in cach workpiece. 

For the second operation (middle view in 
Fig. 5), the removable gage block was with- 
drawn, and the parts were moved 31.75 mm 
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Table 5 Nominal speeds and feeds for the turning of tool steels with carbide tools 
For carbide grades C-6 for roughing and C-7 for finishing, except that grade C-8 is more suitable for turning steels at hardness higher than approximately 48 HRC 




















































































































Single-point and box tool speed — | 
Г 1 т Indexable - | 
Roughing 3.8 mm. Roughing 3.8 mm Finishing 1.0 mm 
(0.150 in.) сш; (0.150 in.) cut; (0,080 in.) ct: 
feed, 0.38 mmirev feed, 0.38 mmirev feed, 0.18 mmirev 
(0.015 in./rev) iren) 10.007 inirev) 
Steet mimin stm sim min че 
W group. 107 350 137 450 130 425 167 550 
Sgroup...... 99 325 126 415 2m 400 160 525 
О group. . 84 275 106 350 102 335 134 440 
А grouptb) ва 275 106 350 102 335 134 440 
D group and A7 52 17000.25 mmirev, or 64 21040.13 mmirev, or 64 21000.25 mm/revor 79 260 (0.13 mmvrev. or 
0.010 in./rev) 0.005 in./rev) 0,010 in./revi 0.005 in./rev) 
нї)... 150-200 м 275 4 101 30 130 425 
200-250 и 275 106 9% 320 122 40) 
325-375 43 14000,25 mmirev. or 53 175 (0.13 mires 49 — 16000.25 mmvrev. or — 61 20000.13 mmvrev, or 
0.010 in.rev) 0.005 їп. 0.010 in /rev) 0.005 in /revi 
48-SOHRC 32 1054025 mmirev,or — 40 13000.13 mnv 35. 1150025 mmirev. or — 44 — 14$ (0.13 mm/rev, or 
0.010 in./rev) 0.005 in./rev) 0.010 in./rev) 0.005 inJ/rev) 
50-52 HRC — 24 800.18 mm/rev.or — 32 10500.13 mmirev, or 27 9000.18 mmírev. ог 38 11500.13 mmvrev, or 
0.007 in /rev) 1.007 in ./rev) 0.008 in./rev) 
SLSAHRC 233 750.18 тпыгеу, or 24 — 000.18 mmirev.or — 3? — 10$ (0.13 mmirev, or 
0.007 in./rev) 0.007 in./rev) 0.005 in./rev) 
S4-56HRC 21 700.18 mmirev, or 26 25 7500.18 mmirev or 29 9500.13 mmitev. or 
0.07 in /rev) 0,007 in.irev) 0.005 in./rev) 
НОФ)... 150-200 Li 275 106 99 325 126 415 
76 250 98 94 310 1222 400 
M2 and The). 275 106 99 325 126 415 
M3-1 and ТАС. 7 250 98 88 290 "n 370 
MIS and Т!) Ш 200 76 69 225 xs 280 
L groups... 99 325 126 122 400 160 525 
F group N 99 325 126 17 385 182 500 
PI-P6.. 100-150 121 40000.50 mmvirev. or 152 145 475 (0.50 mmvirev, ог 18А 600 
0.020 in./rev) 0.020 in теу) 
р2б-Р2!......... ‚ 150-200 107 350 137 450 137 450 175 575 
Form tools 
! I - Feed for tool width of =| 
Hardness, | — Speed — — 1 тз 13 mm (М in) =f 25 mm (l in.) 50 mm (2 in.) 
Steel HBa) mimin мт mmirev mmirev in.J/rev mmírev in.irev 
W group 150-200 та 375 0.041 0.0017 0.036 0.0014 0.028 0.0011 
S group 175-225 78 5 0.038 0.0015 0.030 0.0012 0.02 0.0909 
O group. 200-250 62 205 0.033 0.0013 0.028 0.0010 0.023 0.0009 
A groupibl ... 200-230 62 205 0.033 0.0013 0.025 0.0010 0.018 0.0007 
D group and A7. 200-250 46 150 0.033 0.0013 0025 0.0010. 0.018 0.0007 
HMC). 150-200 7 255 0.036 0.0014 0.028 9.0011 0.020 0.0008 
200-250 s 190 0.033 0.0013 0.025 0.0010 0018 0.0007 
325-375 35 us 0.030 0.0012 0.023 0.0009 0.015 0.0006 
48-50 HRC 20 65 0.028 0.0011 0.020 0.0008 0013 0.0008 
H isaisa 150-200 62 205 0.036 0.0014 0.028 0.0011 0.020 0.0008 
200-250 58 190 0.033 0.0013 0.025 0.0010 0.018 0.0007 
М2 and Tlie) 200-250 E 190 0.041 0.0016 0.033 0.0013 0.023 0.0009 
М3. and Та Б 15 0.038 0.0015 0.010 0.0012 0.020 0.0008 
MIS and TIStg) -> 46 150 0.038 0.0015 0.0012 0.020 0.0008 
L group 76 250 0.043 0.0017 0.0014 0.028 00011 
F group 200-250 62 205 0.038 0.0015 0.0012 0.023 0.0009 
р-р, 100-150 88 290 0.043 00017 0.0014 0.028 00011 
P20-P2 150-200 78 255 0.043 0.0017 0.0014 0.028 0.0011 
Д Feed for tool width of | 
Hardness, Speed ames: 3.2 mm ( in.) — 6.4 mm (Vi in.) 
Steel, Нва) mimin sim minirey ins mmírev in./rev. 
W group. 150-200 114 375 0.041 0.0016 0.048 0.0019 
5 group 175-225 78 255 0.036 0.0014 0.043 0.0017 
О group.. 200-250 62 205 0.030 0.0012 0.038 0.0015 
А grouptb) 200-250 e 205 0.030 0.0012 0.038 0.0015 
D group and А? 200-250 46 150 0.030 0.0012 0.038 0.0015 
НЙ ies 150-200 78 255 0.0013 0.041 0.0016 
200-250 38 190 0.0012 0.038 0.0015 
325-375 35 115 0.0011 0.036 0.0014 
48-50 НЕС 20 65 0.0010 0.033 0.0013 
но) 150-200 62 205 0.0013 0.041 0.0016 
S$ 190 0.0012 0.038 0.0015 
M2 and Tie)... Б 190 0.0016 0.081 0.0020 
M3-1 and T4£ 33 175 0.0015 0.048 0.0019 
MIS and TISG) . 46 150 0.0015 0.048 0.0019 
Lgroup......- 76 250 0.0016 0.048 0.0019 
Е group 62 205 0.0014 0.043 0.0017 
PI-P$. E] 290 0.0016 0.048 0.0019 
P20-P21.. 150-200 78 255 0.0016 0.048 0.0019 





(a) Unless otherwise noted. (b) Except A7. (c) Includes also H10. H12, НІЗ, НІА, H16, and H19. (d) Includes also H21. H22, H23, H24. 











5. H41, H42, and H43. (c) Includes also МІ. M6, MIU. T2, T$. 


and T7. (f) Includes also M4. M7, M30. МАЗ, M34, M35, M36, M41, M42. M43, M44, TS, and TS. (д) Includes also M3 (class 2) and ТЭ, Source: Metcut Research Associates Inc 
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Table 7 Nominal speeds and feeds for the boring of tool steels with high-speed steel, carbide, coated-carbide, 
and ceramic tools 








feed, 0.30 maurey (0.012 in.rev) 








LLL C Roughing 2.54 mm (0.100 in.) 






































































































F Carbideic) Ceramic 3.18 mm. 
: r е T ану cuts feed: 
Hardness, [Highspeed steeb) — [- Brazed үг че зе 1 p Coated carbide — | — 0.28 mmires (0.010 invent 
Steet Нш mimin mimin mimin mimin sim mein sim 
W group. 150-200 24 80 78 255 91 17 385 244 800 
S group... 175-225 2 70 B 240 85 n 365 221 725 
О group ... 200-250 IW 60 6l 200 7 96 315 213 700 
А groupid) eves 200-280 18 e ы 200 72 2; 96 315 213 700 
D group and A7 200-250 lb. 35 (0.20 ттугеу, 40 130 (0.20 mmírcv. 46 150 (0.20 mmirev, SW 19000.20 mmírev, 183 600 
or 0.008 in./rev) or 0.008 in./rev) or 0.008 in./rev) or 0.008 in./rev) 
ШӨ. „зз . 150-200 21 70 59 195 70 230 9 300 259 850 
200-250 IW 60 58 190 69 225 BS 280 23 700 
325-375 14 45 38 125 (0.20 mmirev, 44 145 (0.20 mmirev, 64 210 168 550 (0.20 mm/rev. 
ог 0.008 in./rev) or 0,008 in./rev) or 0.008 in./revi 
48-50 HRC 8 25(020 ттугеу, 29 95 (0.20 mmirev. 34 110 (0.20 mm/rev. 91 300 (0.15 mmirev, 
ог 0.008 in./rev) ог 0.008 in./rev) or 0.008 in./rev) or 0.006 in./rev) 
50-52 HRC 6 20(0.15 mmrev, 26 85 (0.15 mmirev, 30 100 (0.15 mmirev. 76 250 (0.15 ттлге, 
ог 0.006 in./rev) ог 0.006 in./rev) or 0.006 in./rev) ог 0.006 in./rev) 
52-54 HRC ^ п 55 (0.15 mmirev, 20 65 (0.15 mmirev. 61 200 (0.15 mmirev, 
ог 0.006 in./rev) ог 0.006 in.irev) or 0.006 in./rev) 
54-56 HRC 4 45 (0.10 ттугеу. 17 55 (0.10 mmirev. 46 150 (0.15 mmirev, 
0.004 in./rev) ог 0.004 in./rev) or 0.006 in./rev) 
H20(f) 150-200 15 50 58 190 69 225 a 300 251 825 
200-250 15 50 55 180 66 z 85 280 206 675 
M2 and Tig) 200-250 15 50 58. 190 69 9t ELU 229 750 
М3-1 and ТА 15 50 53 175 62 BS 280 мз 700 
MIS and TIS(i) 9 3000.20 ттугсу, 40 130 47 ы 210 206 675 
ог 0.008 in./rev) 
L group. . 150-200 n 75 n 240 85 280 n 365 213 700 
F group. . 200-250 20 65 70 230 82 270 107 350 206 675 
Pi-P6 100-150 29 95 85 280 101 330 134 440 TM 900 
P20-P21 . 150-200 26 85 8! 265 96 MS 128 420 290 950 
r= 10 in.) cut; feed, 0.08 mmirev (0.003 in./rev) — — 
оли оет ot feed, 
High-speed меси). Brazed 11 Indexable ] [ Coated carbide. 0.13 umes (0.005 in /rev) 
‘Steel Hardness, HB(a) m/min чт m/min. чт mimin mimin Ут m'min sim 
W group.. эк 125 125 410 146 480 189 620 427 1400 
S group 34 110 n9 390 129 455 181 595 390 1275 
© group 29 95 101 330 ns 390 152 500 381 1250 
A grouptd). . ө 29 95 101 330 ng 390 500 381 1250 
D group and A7. 18 60 (0.05 mm/rev, 59 195 (0.05 mm/rev, 70 230 (0.05 mm/ 305 (0.05 mmirev, 335 1100 
ог 0.002 in./rev) ог 0.002 in./rev) ог 0.002 in./rev) or 0.002 in./rev) 
не)... . 150-200 M no 98 0 4 375 146 480 427 1400 
200-250 29 95 90 295 107 350 139 455 3 1250 
35 21 70 61 200 (0.05 mm/rev. 72 235 (0.05 mnvre: 107 350 305 1000 (0,10 mmirev, 
ог 0.002 in./rev) ог 0.002 in./rev) or 0.004 in./rev) 
48-50 HRC R 40 (0.05 mm/rev, 46 150 (0.05 mm/rev. 53 175 (0.05 mmirev. 168 550 (0.08 mm/rev, 
or 0.002 in./rev) or 0.002 in./rev) ог 0.002 in.irev) or 0.003 in./rev) 
50-52 HRC n 3510.05 mmyrev, — 40 130 (0.05 mm/rev, 47 155 (0.05 mm/rev, 137 450 (0.08 mm/rev, 
or 0.002 in./rev) ог 0.002 in./rev) or 0.002 in.irev) or 0,003 in./rev) 
52-54 HRC 26 85 (0.05 тпугеу, 30 100 (0.05 mm/rev. 122 400 (0.08 mm/rev, 
ог 0.002 in./rev) ог 0.002 іп. гек) ог 0.003 in./rev) 
54-56 HRC 21 70(0.05 mmírev, 26 85 (0.05 mmirev, 9] 300 (0.08 mmi/rev. 
or 0.002 in./rev) or 0.002 in./rev) or 0.003 in./rev) 
н2о(0...... 150-200 24 80 93 305 no 360 146 480 419 1375 
200-250 23 75 91 300 107 350 139 455 473 1225 
M2 and Tiig) . . 200-250 24 ко 93 305 по 360 139 455 396 1300 
M3-1 and ТАСВ) .. 23 75 км 275 99 325 133 435 366 1200 
MIS and TIS)... 15 50 (0.05 mm/rev, 62 205 n 240 99 325 358 1175 
or 0.002 іп./геу) 
L group . 150-200 37 120 "7 385 139 455 186 610 381 1250 
F group , 200-250 32 105 "з 370 13: 435 174 570 373 1225 
PI-P6 m 100-150 46 150 ne 445 Ц 525: 206 675 442 1450 
P20-P21...... 150-200 43 140 130 425 152 500 200 655 457 1500 





(a) Unless otherwise noted. (b) High-speed steels М2 and TS for groups W. S, О. A. D. H20. I. 
% 375 HB: T15. МАТ. M42. M43, and M44 for groups T15. and for group H11 at hardnesses. 
(c) lachides also H10, H12, НІЗ. H14. H16, and H19. (f) Includes also Н?! 


about 48 HRC. (d) Includes all of group A except АТ. 


T2. T6, and T). th) Includes also M4, M7, M30, M33, M34, M35, M36, МАТ 





F, and P. and for group HI to 200 HI 
ve 375 HB: (c) Carbide grade C-7, ехсе 





(2. МАЗ, M44, 15, and ТЕ. (i Includes also M3 (class 





thal 
H2. 123. H24. H25, H41. H42. and НАЗ. (g) Includes also МІ. М6, MIU. 
2) amd T3. Source: Metcut Research Associates Inc. 


M2, TS and TIS for groups TI and T4. and for group H11 at 200 
grade С.Я is more suitable for boring steels al hardness above 





machine was used for face milling flat die 
sections of various lengths cut from hot- 
rolled D2 bar stock at 255 HB. Several of 
these sections were machined simultane- 
ously. The 200 mm (8 in.) diam, 16-tooth 
milling cutter was mounted on the face of 


the spindle. It contained carbide-tip insert- 
ed blades with a 7° axial rake and a 3° radial 
rake. 

Depth of cut was 0.75 to 4.6 mm (0.030 to 
0.180 in.), width of cut was 50 to 150 mm (2 
to 6 in.), and length of cut was 150 to 760 


mm (6 to 30 in.). Milling speed was 60 m/ 
min (200 sfm), feed was 230 mm/min (9 in./ 
min) or 0.15 mm/tooth (0.006 in./tooth). No 
cutting fluid was used. Metal removal rate 
was 8.8 to 160 cm"/min (0.54 to 9.7 іп.'/ 
min). 


Table 8 Nominal speeds and feeds for the broaching of wrought tool 


steels with high-speed tool steels 





[ See у RU Ss meg omm 

















Steet Hardness, HB Condition mimin «m  mujtooth {алоо AIST or C. 
High speed 200-950 Annealed — 3 0 0.050 0002 S9, SIl(a) TIS. МАА) 
MI M6 TI Té 
M2 мю T2 
High speed ә — Annealed 1.5 & 0.050 0.002 59. 51а) TIS, M42ía) 
M3X| M3 M42 M47 
M4 M34 M43 T4 
М7 M36 Маа Т5 
M3) M4l M46 T8 

225-275 Annealed 15 5 0050 0002 59, 510а) TIS, M42) 
Hot work Annealed 6 — 20 0.075 боз 5 M2. M7 
HIO H13 Quenched 3 10 0.050 0.000 59, 51а) TIS, М42(а) 
ни Hid and 
Hm ону tempered 
Hot work... 150-200 Annealed 5 15 0.050 0.002 59, 51а) TIS. М42(а) 
нәр HM Hd 200-2550 Annealed 3 10 0050 — 0.002  S9.SIl(a) TIS, M4Xa) 
Ho» Hos 
нз H2% 
Cold work. . 390-250 Annealed 3 — 10 0050 0.002 59, SHW) TIS, M42 
А7 D4 
D? D$ 
Di рт 
Cold work. D . 200-250 Annealed 5 15 0.075 0.000 59, 51а) TIS. M42(a) 
А? A6  AI0 O6 
АЗ AK OI 07 
M A9 О? 
Shock resisting Annealed S$ 15 0075 0.003 59, 510) TIS, Маа) 
SI $6 
52 s 
85 
Mold... 100-150 Annealed — 6 20 0075 0.003 54.59 М2. М? 
P2 PS 
ра P6 
Mold... 150-200 Annealed 6 — 20 007S 0003 54,5809 М2, М7 
P20 
Р?! 
Special purpose... 150-30 Аме 6 — 20 0075 боз S4,S2 М2, М7 
2 
16 
17 
Special purpose. .......... 200-250 Annealed 5 15 0075 0.003 59, 51100) TIS, Маа) 
Р? 
Water hardening ........, 150-200 Annealed 6 20 0075 0003 S492 М2, М7 
WI, W2, WS 


SAE J438b: Types 
WIOR. W109, WLIO, 
W112. W209, W210, 
wi 





(н) Any premium high-speed steel (FIS, M33, M4I-M4T or 9, 510, S11, 12). Source: Metcut Research Associates Ine. 





Hot-Work Tool Steels 
(H Steels) 


When used for tools, the H steels are 
machined in the annealed condition, with 
machinability somewhat less than the A 
steels and better than the D steels. Type 
HII, usually containing 0.40% C instead of 
0.35% C, is also used for structural parts in 
aerospace applications. Such parts are gen- 
erally machined in the quenched-and-tem- 
pered condition at higher hardness. The 
example that follows describes applications 
in which sulfurized H13 permitted a reduc- 
tion in machining time from that required 
for the regular nonsulfurized grade of H13 
tool steel. 

Example 7: Facing, Turning, and Mill- 
ing H13 Versus Sulfurized H13. Porthole 
extrusion dies (Fig. 6) were machined from 





H13 and sulfurized H13 forgings 305 mm (12 
in.) in diameter and 130 mm (5% in.) thick, 
weighing 84.4 kg (186 Ib). Machining con- 
sisted of facing and turning, and of milling 
the four ports. 

Facing and turning, in which 39 kg (86 Ib) 
of metal were removed, required 9 h for the 
H13, compared to 6% h for the sulfurized 
H13. Milling required 10 h for the H13 and 7 
h for the sulfurized H13. 


High-Speed Steels 


General-purpose types of high-speed 
steel, such as T1, ordinarily machine at 50% 
of the rate for the W group (the most easily 
machined). Annealed Tl steel, however, 
has been machined still faster, at 40% of the 
rate for 1112 steel. For instance, with a 1.5 
mm (0.060 in.) depth of cut and at a feed of 
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Малей 
puck 





Speed, mimin (sfm) - 106 (350) 
Feed at 330-685 mm/min 
(13-27 in./min), 
mm/tooth (in./tooth) 
Depth of cut, mm (in.) . 
Width of cut, mm 6n.) 
Length of cut, mm in.) 
Cutting rate, cm min 
(in, min) 
Cutting fluid. ..... 
Tool life per grind, h , 


0.15-0.33 (0,006-0.013) 
«0764.6 (0.030-0, 180) 

50-150 (2-6) 

150-760 (6-30) 


‚ 13-479 (0,8-29,2) 











Fig. З foce miling sections of W2 tool steel 
J- S magnetic chuck and backup blocks. Dimen- 
sions in figure given in inches 


TT Cutter 


TE 
19827 a- 


Sui 






Stoch removed 
Workp ace 








< 16454) 


Speed. mimin (sf) 
Feed at 38 mmimin 
(1.5 in./min), 
mmytooth (in./tooth) . 
Cross-sectional area 
of cut. cm? (in.?) 
Length of cut, mm (їп.)....... 


— 0.19 (0.0073) 


- 5.20 (0.806) 
645 (2554), 679 (26%), 
781 (30%), 949 (37%) 





Cutting rate. cm'/min 

















(іп. пип). < 19.8 (1.21) 
Cutting fluid, water: 

low-sulfur water-soluble 

synthetic... 401 
Tool per grind 

Stock removed, cm? (in... 18 000 (1100) 

Length of cut, m fin.) ....., 34.3 (1350) 
Length of Original "Weight after 
blank. mm (in.) weight, kg (1b) milling, ky (Ib) 
645 (25%) 38 (74) 315004) 
679 (26%4) 3T) 3 05) 
781 (30%0) 43 (94) 39.5 (871 
949 (3734) 52 (114) 48 (10514) 
Fig. 4 Straddle milling of four different lengths of 

J- ^ Tsection W2 tool steel, using two stag- 


gered-tooth cutters. Dimensions in figure given in inches 


0.25 mm/rev (0.010 in./rev), annealed Т1 
has been turned with a high-speed steel tool 
at 35 m/min (120 sfm), whereas for similar 
conditions 1112 steel is turned at 90 m/min 
(300 sfm). 

Machinability of the more highly alloyed 
high-speed steels decreases as hardness and 
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Table 9 Nominal speeds and feeds for the drilling of wrought tool steels with high-speed tool steel and 


carbide tools 








— Feed. mmirey (йге), with nominal hole diameter of 





Tool material 
































Hardness, 1.Smm — 3mm Imm Hmm — 25mm Smm 50тт grade, IS 
Steel Нва» Condition. (sf) (Ив іа.) (sin (Rin Фаш.) (tiny (Ya in.) Qin) (AISor C) 
High speed..,... 200-250 Annealed 1 0.025 0.050 0.075 6.13 9.18 0.23 0.28 0.33 52, 83 
MI MIO T6 (45) (0.001) — (0,002) (0.003) (0.005) (0.007) 10.009) (0.011) (0.0033 (M10. M7, MI) 
м TI 
Mo TD 
High speed. 225-275 Annealed n 0.025 0.050 0.075 0.13 0.18 0.20 0.28 0.33 52, 53 
M3] M36 M47 (35) (0.001) 00.002) 40.003) (0.005) (0.007) (0.008) (0.011) (0.013) (M10, M7. MI) 
M4 M4l T4 
мт M42 TS 
M30 Маз TR 
MM M44 
MM м 
High speed. 225-275 Annealed: 8 0.025 0.025 0.050 0.10 9.13 0.15 0.18 0.20 52, 53 
M3-2 (25) (0.001) (0.001) (0.002) (0.004) (0.005) (0.006) (0.007) (0.008) — (MIO, M7, МІ) 
TIS 
Hot work... 150-200 Annealed 18 0025 0050 0075 015 023 028 ов 040 52,53 
H10 HB3 (60) (0.001) (0.002) (0.003) — (0.006) (0.009) (0.0011). (0.0014) — (0.016) (MIO, M7, MI) 
HI HI 325-375 Quenched and 12 - 0:050 00% 013 О 020 025 OW 52.53 
HI? HI9 tempered (40) 10.002) (0:005) (0.005) (0.007) 0.008) (0.010) (0011) (MIO, M7, MI) 
48-50 HRC Quenched and 6 005 — 0050 0075 0075 ою ош ою 59,5100) 
tempered 20) 4.001) (0002) (0003) (0.003) — 40.004) (боо) (0.004) (TIS, M421) 
54-56 HRC Quenched and 18 0.025 0.025 0.038. de ко 
tempered (60) ] - 40.001) (0.000) (0.0015) ` E n 
Hot work... 150-200 Annealed i4 0025 0.080 0075 011 ок 023. ож 0з 
H21 HZ (45) 40.001) 00.002) (0.003) (0.005) (0.007) 10.009) 10,011) (0.013) 
H22 H26 200-250 Annealed uo 005 000 0079 оз 08 0233. — 028 033 502,53 
H3 H42 (35) (0.001) — (0.002) — (0.003) (0.005) (0.007) 40.00) (0.011) 00.013) (MIO, M7, MI) 
H4 
Cold work ......... 200-250 Annealed 9 0025 боз 0075 013 о оз ою 040 52,53 
AT D4 (30) — 40.001) 0.001) (0.003) (0:005) (0.007) — (0.008) (0012) (0.015) (M10. M7, MD) 
D2 D$ 
Di D7 
Cold work ............... 200-250 Annealed м 0025 0025 боз оз 0418 020 — 030 — 040 52,53 
M АВ О? мз — (0.001) (0.001) (0.005) (боюу (0.007) — 16.008) (0.012) (0.015) (M10, M7. MI) 
A3 A9 06 
Ad AID 07 
A6 Ol 
Shock resisting -~ -| ->+ +- 175-225 Annealed 17 0025 боо ооз о 02i 02% — 040 оз 52,53 
SI 56 (55) (0:001) 00.002) (0.003) 40.007) 40.009) (0011) (0.015) (0.018) — (MIO, M7, MI) 
57 
55 
Mold... 100-150 Annealed 23 00 0089 00 ом 025 030 — 045 050 52,53 
P2 PS 95) 40.00) 40.000) (0.004) 10.007) (0.0100 — (0.002) (0.008 00.020) (MIO. M7. MI) 
ра Po 
Mol... riani 150-200 Annealed 18 — 0025 — 0050 0075 018 023 ож 040 045 52,53 
P20 (60) (боо) боо) 10.002) (0.007) (0.009) — 40.011) (0.015) (0.018) (MIO, M7, MI) 
РЭ] 
Special purpose... isse 150-200 Annealed 18 0025 0075 010 бз 025 030 — 045 050 52,53 
12 460) — 40.00) (0:003) (0.004) (0.007) (0.010) (0.012 (0.018) (0.020) (M10. M7. MI) 
16 
17 
Special purpose. 200-250 Annealed is — 0.025 — 0080 0.075 013 о 020 оз 040 52,53 
FL (80 — 40.00) (0.002) (0.001) (0.009) 40.007) — 40.008) (0.011) 00.015) (M10. M7. MI) 
F2 
Water hardening. 150-200 ded 2 0.025 0.050 0.10 0.18 0.25 0.30 0.40 0.45 52, 53 
WI, W2, WS (95) (0.001) — (0.002) — (0.004) — 40.007) 40.010) (0.00 (0.015) (0.018) (MID, M7, MI) 
SAE 1438: Types 
W108, W109, 
W110, WII, 


W209, W210, W310 


ta) Unless otherwise noted. (b) For holes more thin two diameters deep. reduce speed and feed. (c) Any premium HSS (T15. 


M33. M4I-M47) or (59, $10, STI, 5121, Source: Meteut Research Associütes 








abrasiveness increase. This is especially 
true of the high-carbon high-vanadium 
types, such as M4, M15, T9. and T15. These 
steels are considerably more difficult to 
machine than Tl, requiring lower cutting 
speeds or causing increased tool wear, or 
both. These more highly alloyed grades of 
high-speed steel are comparable to the A7 
and D7 cold-work die steels with respect to 
machinability. 





The examples that follow provide details 
for two machining operations on tungsten and 
molybdenum high-speed steel workpieces. 

Example 8: Turning МТО Versus Sulfu- 
rized M10 Reamer Blanks. In turning 50 
mm (2 in.) diam reamer blanks to remove 
6.35 mm (0.250 in.) of stock from the diam- 
eter, cutting speed was increased from 37 to 
52 m/min (120 to 170 sfm) when a sulfurized 
MIO steel was substituted for the regular 


grade. Both steels were machined in the 
annealed condition (228 HB). Processing 
conditions are given in Table 17. 

Example 9: Milling Flutes in T15 End 
Mills. In milling helical flutes in 19 mm (% 
in.) diam four-flute end mills made of TI5 
high-speed steel, the machining characteris- 
tics of cutters made of M2 high-speed steel 
were compared with those of carbide-tip 
cutters. Because T15 steel is much more 
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Table 10 Nominal speeds and feeds for the reaming of wrought tool steels with high-speed tool steels and 
carbide tools 

















































































, - Roughing 1 Finishing - 

Har Speed, Fed, mmiev йазы, with reamer diameter of Tol material! Speed, Feed, тит (nite), with reamer diameter of Tool material 

mess. Condi-minin 3mm 6mm 2mm 25mm 35mm somm grade, 150 mmi 3mm 6mm 12mm 25mm 35mm 5ümm grade, ISO 

Steet HW) Шоп (fm) (Wim) баш) (Mi) (m) (Sin) Qia)  (ASlarC) (sm бзш) (aim) (Mim) (im) (Sin) Gin) AIST ur C) 

High speed 200-250 Anm. 14 0075 0.15 — 020 030 040 0.50 S3,S4.S2 п 0.10 018 — 025 040 050 0.65 S3, S4. S2 
MI MIO (45) (0.003) (0.006) (0.008) (0.012) (0.015) (0.020) (M1, M2, М7) (35) (0.004) (0.007) (0.010) (0.015) (0.020) (0.025) (МІ. М2, M7) 
M2 TI i8 010 015 — 020 030 040 0.50 K20 14 010 018 025 040 0.50 065 K20 
M6 T6 (60) (0,004) (0.006) (0.008) (0.012) (0.015) (0.020) (C-2) (45) (0.004) (0.007) (0.010) (0.015) (0.020) (0.025) (C-2) 

Highspeed ,..... 225-275 Amm. || 0.075 0.15 — 020 030 040 0.50 S3,S4. S2 9 010 0.18 025 040 050 065 53,54, S2 
М3-1 M43 (35) (0.003) (0.006) (0.008) (0.012) (0.015) (0.020) (МІ, M2, M7) (30) (0.004) (0.007) (0.010) (0.015) (0.020) (0.025) (M1, M2, M7) 
ма M44 15 010 оз 020 030 040 050 K20 12 010 0.8 025 040 0.50 065 K20 
М7 M46 (50) (0.004 (0.006) (0.008) (0.012) (0.015) (0.020) (C-2) (40) (0.004) (0.007) (0.010) (0.015) (0.020) (0.025) (C-2) 
M30 T4 
MM T$ 
M36 T8 
Mil 

High speed 0050 0.10 015 020 025 030 53.54.52 8 0.075 013 015 025 030 040 53. 54, 5 
MM 30) (0.002) (0.004) (0.006) (0.008) (0.010) (0.012) (Ml. M2. M7) (25) (0.003) (0.005) (0.006) (0.010) (0.012) (0.015) (МІ, М2, M7) 
TIS 14 010 015 020 025 030 040 K20 Tl 010 оз 020 025 030 040 K20 

(45) (0.004) (0.006) (0.008). (0.010) (0.012) (0.015) (C-2) (35) (0.004) (0.006) (0.008) (0.010) (0.012) 0.015) (C-2) 

Hot work. 150-200 Ann. 20 0.075 015 020 0.30 040 0.50 53.5459 и 013 020 030 0.50 065 075 53, $4, 52 
H10 НІЗ (65) (0.003) (0.006) (0.008) (0.012) (0.015) (0.020) (МІ, M2. M7) (35) (0.005) (0.008) (0.012) (0.020) (0.025) (0.030) (M1, M2, M7) 
HII H14 24 010 015 020 030 040 0.50 K20 14 013 020 ю 050 065 0.75 K20 
H12 H19 (0) (0.004) (0.006) (0.008) (0.012) (0.015) (0.020) (C-2) (0.005) (0.008) (0.012) (0.020) (0.025) (0.030) (C-2) 

325-375 Q&T 11 0050 0.10 015 020 0025 030 S 0.075 0.13. 015 025 030 040 53. 54, 52 
(35) (0.002) (0.004) (0.006) (0.008) (0.010) (0.012) (МІ, M2. ^ (0,003) (0.005) (0.006) (0.010) (0.012) (0.015) (M1, M2, M7) 
15 0.0 015 020 025 030 0.40 K20 п 010 013 020 025 030 040 К20 
(50) (0.004) (0.006) (0.008) (0.010) (0.012) (0.015) (C-2) (35) (0.004) 00.005) (0.008). (0.010) (0.012) (0.015) (C-2) 
48-50 Q&T S 0025 0.038 0.050 0.050 0.050 0.050 59. 511) 5 0025 0.038 0.038 0075 0.075 0.075 S9, SII(c) 
HRC (15) 40.001) (0.0015) (0.002) (0.002) (0.002) (0.002) (TIS. M42yc) (15) (0.001) (0.0015) (0,002) (0.003) (0.003) (0.003) (T15, МА2)(с) 
9 0.050 0075 010 03 0.15 0.15 K20 * 0050 0075 010 013 0.15 0.15 K20 
(30) (0,002) (0.003) (0.004) (0.006) (0.006) (C-2) (25) 10.002) (0.003) (0.004) (0.005) (0.006) (0.006) (С-2) 
54-56 Q&T 6 0.050 0.050 0.075 0.10 олю K20 5 0050 0.050 0.075 0.10 00 010 K20 
HRC (20) (0.002) (0.002) (0.003) (0.004) (0.004) (C-2) (15) (0,002) (0.002) (0.003) (0.004) (0.004) (0.004) ( 

Hot work. , 180-200 Ann. 14 0075 045° 020 040 0.50 53, S4, S; по оз 020 030 0.50 0.65 0.75 53, 54, 52 
H21 H3: (45) (0.003) (0.006) (0.008) (0.015) (0.020) (M1. M2. M7) (35) (0.005) (0.008) (0.012) (0.020) (0.025) (0.030) (МІ, M2. M7) 
H22 H26 IR 0.10 0.15 0.20 040 0.50 K20 l4 оз 020 030 0.50 0,65 0.75 K20 
H2 H42 (60) (0.004) 40.006) (0.008) 40.015). (0.020) (C-2) (45) (0.005) (0.008) (0.012) (0.020) (0.025) (0.030) (C-2) 

H24 200-250 Ann. || 0.075 0.15 — 020 040 050 S3, 54. S2 9 оз 020 030 0% 0.65 ‚$ 
(35) (0.003) (0.006) (0.008) (0.012) (0.015) (0.020) (МІ, М2, M7) (30) (0.005) (0.008) (0.012) (0.020) (0.025) 
15 0.10 015 — 020 030 040 0.50 K20 12 015 020 030 050 0,65 K20 
(50) 40.004) (0.006) (0.008) (0.012) (0.015) (0.020) (C-2) 440) (0.005) (0.008) (0.012) (0.020) (0.025) (0.030) (C-2 

Cold work . 200-280 Ann. 8 0.075 0.18 020 030 040 050 53. 54. 52 6 010 0.18 025 040 0.50 0,65 53, 54, 52 
AT D4 (25) (0.003) 40.006) (0.00%) (0.012) (0.015) (0.020) (M1. М2, М7) (20) (0.004) (0.007) (0.010) (0.015) (0.020) (0.025) (МІ, M2, M7) 
D? DS 12 00 015 020 030 040 050 K20 9 ою о 025 040 050 065 K20 
D3 D7 (40) (0.004) 40.006) (0.008) (0.012) (0.015) (0.020) (C-2) (30) (0.004) (0.007) (0.010) (0.015) (0.020) (0.025) (C-2) 

Cold work . 200-250 Ann. 14 0.075 0.15 — 020 030 040 0.50 53. 54. 52 9 010 ок 025 040 050 0.65 53,54, 52 
A2 АЮ (45) (0.003) (0.006) (0.008) (0.012) (0.015) (0.020) (МІ. М2, M7) (30) (0.004) (0.007) (0.010) (0.015) (0.020) (0.025) (МІ, M2. M7) 
АЗ О! I 010 0.15 020 030 040 0% К20 12 00 0.18 025 040 050 065 K20 
A6 02 (60) 0.004) 0.006) (0.008) (0.012) (0.015) (0.020) (C-2) 440) (0.004) (0.007) (0.010) (0.015) (0.020) (0.025) (C-2) 

A8 

Shock 
resisting 18 0.10 оз 025 040 050 065 S3.54,52 и оз 020 030 0.50 065 075 53, 54, S2 
51 S6 (60) (0.004) (0.006) (0.010) (0.015) (0.020) (0.025) (МІ, M2. M7) (35) (0.005) (0.008) (0.012) (0.020) (0.025) (0.030) (МІ, M2, M7) 
52 $7 23 010 05 025 040 0.50 0.65 K20 м 013 020 0.50 065 075 К20 
55 (75) (0.004) (0.006) (0.010) (0.015) (0.020) (0.025) (C-2) (45) (0.005) (0.008) (0.020) (0.025) (0.030) (C-2) 

Mold 100-150 Ann, 23 0.10 — 0.18 — 0.30 050 065 075 53,5450 4 015 025 040 065 075 090 53, 54. 52 
P2 ps (75) (0.004) (0.007) (0.012) (0.020) (0.025) (0.030) (МІ. M2. M7) (45) (0.006) (0.010) (0.015) (0.025) (0.030) (0.035) (M1. M2, М7) 
P4 P6 27 0.10 бїз 030 0.50 065 0.75 К20 15 015 025 040 065 075 090 K20 

(90) (0.004) (0.007) (0.012) (0.020) (0.025) (0.030) (C-2) (50) (0.006) (0.010) (0.015) (0.025) (0.030) 

Мом........... 150-200 Ann. 20 010 0.18 030 0.50 065 0.75 53, 5,59 1I 013 020 030 050 0.65 075 53, 54, 

P20 (65) (0.004) (0.007) (0.012) (0.020) (0.025) (0.030) (M1, M2, М7) (35) (0.005) (0.008) (0.012) (0.020) (0.025) (0.030) (МІ, M2, M7) 
P21 24 010 0.18 030 050 0.65 0.75 K20 14 0.13 020 030 0.50 065 075 K20 
(80) (0.004) (0.007) (0.012) (0.020) (0.025) (0.030) (C-2) (45) (0.005) (0.008) (0.012) (0.020) (0.025) (0.030) (C-2) 

Special 
purpose ......, 150-200 Ann. 20 0.10 — 0.18 — 0.30 0.50 065 075 53,5452 1| 0.13 020 0.30 0.50 065 075 $3, 54.52 
12 (65) (0.004) (0.007) (0.012) (0.020) (0.025) (0.030) (МІ, M2, M7) (35) (0.005) (0.008) (0.012) (0.020) (0.025) (0.030) (МІ, М2, M7) 
16 24 0.10 0 030 0.50 065 075 K20 14 0.3 020 030 0.50 065 075 K20 
17 (80) (0.004) (0.007) (0.012) (0.020) (0.025) (0.030) (C-2) (45) (0.008) (0.008) (0.012) (0.020) (0.025) (0.030) (C-2) 

Special 
Qm 200-250 Ann. 14 0.075 015 020 030 040 0.50 53.54.52 9 0.10 о 025 040 0.50 0.65 $3, 54, 52 
Fi (45) (0.003) (0.006) (0.008) (0.012) (0.015) (0.020) (МІ, M2. M7) (30) (0.004) (0.007) (0.010) (0.015) (0.020) (0.025) (МІ, M2, M7) 
F2 18 0.10 0.15 020 030 040 0.50 K20 12 0.10 018 025 040 0.50 065 К20 

(60) (0.004) (0.006) (0.008) (0.012) (0.015) (0.020) (C-2) (40) (0.004) (0.007) (0.010) (0.015) (0.020) (0.025) (C-2) 

Water 
hardening ..... 150-200 Ann. 30 0.10 0.18 030 050 065 075 553.54.509 14 015 025 040 0.65 075 0.90 53,54, 52 
WI, W2, (100) (0.004) (0.007) (0.012) (0.020) (0.025) (0.030) (МІ, М2, M7) (45) (0.006) (0.010) (0.015) (0.025) (0.030) (0.035) (МІ, M2, M7) 
Wsi) 3 010 018 030 0.50 065 075 K20 17 015 025 040 065 075 090 К20 

(110) (0.004) (0.007) (0.012) (0.020) (0.025) (0.030) (C-2) (55) (0.006) (0.010) (0.015) (0.025) (0.030) (0.035) (C-2) 


Note: Ann.. annealed: Q&T, quenched and tempered. (a) Unless otherwise noted. (b) Based on four flutes for 3 and 6 mm (V& and la in.) reamers, six flutes for 13 mm {V in.) reamers. and eight flutes for 


25 mm (1 in) and larger reamers. (c) Any premium high-speed steel (T15, M33, M4I-M47 or S9, SH 


Source: Metcut Research Associates Inc. 





(d) Also includes SAE J438b: Types W108, W108, W110, W112, W209, W210, and W310. 








720 / Machining of Speci 





с Metals and Alloys 





Hardness, 
Steel BB) Condition. 


pomme 


HSS tool material — | 
1 >24 AISI 


150 





200-250 Annealed 


High speed 
MI MIO 
M2 TI 
M6 T2 

High speed... 
М3-1 M33 
Ма M34 
М7 M36 
M30 MAL 

High speed. 
M3-2 
TIS 

Hot work .... 
ню НІЗ 
ни HM 
HI2 HIS 


Te 


225-275 — Annealed 
ме 
M43 
M44 
M46 


"MAT 
T4 
T 


тї 





Annealed 


150-200 


Annealed 
325-375 Quenched and 
tempered 
Quenched and 
tempered 
Quenched and 
tempered 

Annealed 


48-50 HRC 
50-52 HRC 
Hot work... 150-200 
Нор H25 
H22 H26 
ноз H42 
H24 
Cold work 
А7 D4 
D D$ 
D3 D7 
Cold work... 
A2 A8 О? 
АЗ A9 06 
A4 АЮ 07 
A6 Ol 
Shock resisting . - - 
51 56 
52 87 
55 


200-250 — Annealed 


200-250 — Annealed 





. 200-280 — Annealed 





175-225 — Annealed 


100-180 — Annealed 


. 150-200 — Annealed 


Special purpose. 150-200 — Annealed 
L2 
L6 
7 
Special purpose 
FI 
F2 
Water hardening ... 
WI, W2, WS 
SAE J438b: Types 
W108, W109, W110, 
W112, W209, W210, 
wi 


(a) Unless otherwise noted. (b) These speeds are for tapping 65 to 7 
Metcut Research Associates Inc 





200-250 — Annealed 


. 150200 — Annealed 








55 


" 


a $ 


as) 


(5) 3 43 


PS 


55 


15 


09 


4.6 


5) 3 43 


m 5 as 6 


(8) 55 ae 8 


5 (5) 9 


3 a0) 8 


3 (10) 8 es 9 





m 5 as 6 


5 us 9 G0 





8 (25) 52.53 МІ0, М7, MI 


(18) 6 20) .S3 M10, M7. MI 


a4 5 as .S3 MIO, M7. MI 


es 9 30) .S3 М10. M7, MI 


(18) 6 (20) 52,53 MIO, M7. MI 
Nitrided 
52, $3 
Nitrided 
52, 53 
52. $3 


Nitrided 

M10, M7, MI 
Nitrided 

MIO, M7, MI 
M10. M7. MI 


(6) 24 a 


(4 1.5 (5) 





(20) 8 (25) 


as 6 (20) S3 MIO, M7. MI 





‚ 53 


as $ as MIO, M7. МІ 


(20) 8 Qs) M7, MI 





ми, 


(30) $3 MIO. M7, MI 


(40) а (45) .S3 MIO, M7, MI 


(30) п B5) 52.53 MIO, M7. MI 


(30) u as MIO, M7, MI 


52, 53 


020) 8 es MIO. M7, MI 





(45) (0) MIO, M7, MI 


ihreads in shallow through holes. Reduce the speed when tapping deep or blind holes or with a higher percentage of thread. Source: 





difficult to machine than are MI, M2. or 
MIO, surface speed and feed were reduced 
to about 50% of the rates ordinarily used for 
these M steels, in the interest of tool life. 
Nevertheless, as shown in Table 18, which 
presents the results of the comparison, car- 
bide tooling doubled the machining rate and 
nearly tripled the tool life provided by M2 
tooling. 

On the basis of these data, the use of 
carbide tooling for machining difficult high- 
speed steels such as T15, MIS, and M4 was 


recommended, provided machine tools are 
in good repair and the setup is rigid. 

Tangential thread chasers are ordinarily 
made of MI high-speed steel, but M3 may 
be substituted when longer tool life is de- 
sired or a more difficult material is to be 
threaded. The example below compares the 
tool life obtained in milling step-and-angle 
dovetails in thread chasers made of these 
two steels. 

Example 10: Milling M1 Versus M3 
Thread Chasers. The dovetail shown in 








Fig. 7 was produced in tangential thread 
chasers made of MI and M3 high-speed 
steel, each in one pass by a single mil- 
ling cutter. (In service, this dovetail locks 
the chaser into the holder.) Blanks for these 
chasers weighed 0.099 kg (3/2 oz) before 
machining and 0.071 kg (2/4 oz) after. At a 
speed of 95 rev/min and a table feed of 
79 mm/min (3% in./min). tool life in mil- 
ling the MI chasers was 2400 pieces per 
grind, but only 1200 to 1440 for M3 chas- 
ers. 





Table 12 Nominal speeds and feeds for peripheral (slab) mi 





High-speed steels M2 and M7, except M33 and T15 for milling of the H11 group at hordnesses above 48 HRC 
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ing of tool steels with high-speed steel tools 





Rough milling, depth of cut, 3.8 mm (0.150 in.) — 3 
Speed 





Г Finish miling, depth of eat, 1,0 mm (8540 i.) — 
Speed 





] Hw 1 


d ham E 1 


m ‘min mmitooth 


















Steel mimin sfm in./tooth in./tooth 
W group... 3 120 0.008 47 155 0.15 0.006 
S group. 34 по 0.008 al 135 9.15 0.006 
О and A groupst 7 90 0.007 35 us 9.13 0.005 
D group and А7 15 E] 0.007 18 60 0.13 0.005 
ни) 29 95 0.008 38 125 9.15 0.006 
24 хо 0.007 30 100 0.13 0.005 
нс). 23 75 0.008 29 95 0.15 0.006 
21 70 0.007 26 85 0.13 0.005 
M2 and Та) 20 65 0.007 26 85 9.13 0.005 
M3-1 and Tá(e) " 55 0.007 21 70 9.13 0.005 
MIS and ТЇЗЇ. 5 14 45 0.007 18 С 0л! 0.0045 
Lgroup .... 180-200 35 "s 0.20 0.008 Al 135 0.15 0.006 
P group. es узы... 200-250 7 90 0.18 0.007 37 120 0.13 0.005 
PI-P6,. еен 100-150 40 130 020 0.008 49 160 0.15 0.006 
P20-P21 150-200 37 120 0.20 0.008 a 145 0.15 0.006 


(a) Includes all of pi 
Т7, (е) Includes als 





M30, M33, MM. 





Avexcent AT, (b Inchudes aso IO. 2, H13- TH. HUG. and H19, (c) clades also H21- H22. H23. H24, EOS. Hal, НИ. and НАЗ, (4) Tacludes also MI, M6, MIO, T2, T6, and 
мт, M36, M41, M42, M43. M44, TS, and TS, (0 Includes also M3 (class 2) and ТУ. Source: Metcur Research Associates Inc. 





Low-Alloy 
Special-Purpose Tool Steels 


In the spheroidize-annealed condition 
(179 to 207 HB), steels L1, L2, L3, and L7 
are 65 to 7596 as machinable as a WI steel 
containing 196 C. Steel L6, which contains 
1.50% Ni, is slightly more difficult to ma- 
chine. 

Completely or nearly completely sphe- 
roidized stock is preferred for most machin- 
ing operations. Occasionally, however, mi- 
crostructures that contain some lamellar 
pearlite are preferred. Such applications 
usually involve those steels of lower-carbon 
content, which can be specified for L2. 

For the L steels with 1% carbon, micro- 
structures of ferrite and spheroidized car- 
bides are almost invariably preferred (and 
specified) for all machining operations. For 
these steels, microstructures containing la- 
mellar pearlite usually result in a rough 
surface finish and shorter tool life. The 
following example describes an application 
in which the sequence of operations was 
changed to avoid machining a microstruc- 
ture that contained pearlite. 

Example 11: Deferred Forging for Im- 
proved Machinability. The original and 
improved methods used for producing wood 
drill shanks from L.1 tool steel are shown in 
Fig. 8. In the original method, the blank was 
first forged to obtain the square tapered 
end, after which the recess was form turned 

à 3.7 kW (5 hp) lathe. Even though the 
blanks were spheroidized, at least half of the 
recessed area had been heated to the forging 
temperature, and this resulted in the mixed 
microstructure denoted as poor machinability 
in Fig. 8. Severe wear of the M34 form tools, 
especially at the corner nearest the forged 
end, occurred in form turning of workpieces 
made by the original method. Form tools 
required grinding after 5 to 20 pieces. 

In the improved method, the first and 
second steps were reversed, so that the 





blanks were formed before the microstruc- 
ture (denoted in Fig. 8 as good machinabil- 
ity) was altered by heating for forging. Form 
tool life was increased to 150 pieces per 
grind. Machining conditions for the forming 
operations are given in the table in Fig. 8. 


Carbon-Tung: 
etat anie Tool Steels 


As-annealed (183 to 207 HB) F1 carbon- 
tungsten steel is approximately 75% as ma- 
chinable as 1% carbon WI steel of compa- 
rable structure. Steels F2 and F3, with 
normally higher hardnesses of 207 to 235 
HB in the annealed condition, machine ap- 
proximately 60% as well as the annealed 1% 
carbon W1. 

Milling. Recommended tool design for 
milling the F steels with high-speed steel 
cutters is given in Table I9. 


Low-Carbon Mold Steels 


Many dies made from low-carbon mold 
steel are formed by a hubbing operation, in 
which a hard master form is pressed into the 
die to produce the die impression. Many of 
these steels have very low hardness in the 
annealed condition. This is especially true for 
P1, which is frequently supplied at 80 to 100 
HB. As the alloy content increases, hardness 
of the annealed steel also increases, and suit- 
ability for hubbing decreases. Thus, P4, P6, 
P20, and P21 are generally considered unsuit- 
able for hubbing, and molds > these steels 
must be produced by тас! 

"The low-carbon steeta of the P group (PI 
to P6) have poor machinability because of 
their softness; chips are gummy and readily 
build up on cutting edges and drill margins. 
Because of the low hardness of types P1 to 
P6. the surface of the mold impression must 
be carburized and hardened to resist wear, 
and the entire die must be heat treated to 
resist deformation of the impression. Con- 











siderable distortion occurs in quenching, 
particularly in the water quenching of a 
relatively small die. Thus, size control is 
difficult, and dies must be finished by grind- 
ing after hardening. When dies are ground, 
care must be taken not to penetrate the 
carburized case, because core hardness is 
insufficient for resistance to abrasion or 
deformation. 

Because the group P steels are used al- 
most exclusively in the manufacture of 
molds, few, if any, turning operations are 
encountered. However, steels P1 to P6, 
depending on their composition, have ma- 
chining characteristics like those of produc- 
tion carburizing steels of similar composi- 
tion. The P20 steel resembles 4140. 

Example 12: Drilling, Fly Cutting, and 
Milling P20. In the production of a P20 
steel mold for forming plastic housings for 
televisions, the prehardened block (285 HB) 
was first ground square in a surface grinder 
to facilitate layout and provide reference 
planes. The sequence of operations (see 
Fig. 9) used to machine the block (760 x 810 
x 255 mm, or 30 x 32 x 10 in.) was: 





* After the block had been clamped into a 
large boring mill, ап 89 mm (32 in.) diam. 
hole was drilled in the center of one of the 
760 x 810 mm (30 x 32 in.) faces, to a 
depth of 150 mm (6 in.) 

* With the block still in position in the 
boring mill, the drilled hole was enlarged 
to a 660 mm (26 in.) diameter by a series 
of fly cutters 
The block was then placed in a tracer- 
controlled milling machine, which 
squared the corners of the impression and 
produced the final symmetrical contour 
The block was returned to the boring mill 
to drill holes for the circulation of cooling 
water. Four 17.5 mm (!Vis in.) diam 
through holes (later plugged at one end) 
were drilled through under the impres- 
sion and along the sides 





722 | Machining of Spe: 


Metals and Alloys 


Table 13 Nominal speeds and feeds for the end milling of tool steels with high-speed steel and carbide cutters 








































































[Rough milling, depth of cut, 15 mm (0.060 in.) — — — —] - Finish milling, depth of cut, 0.5 mm (0.820 in. 
[ — — — Feed for cutter diameter of- 1 f Feed for cutter diumeter of- = 
25-50 mm 25-50 mm 
9.5 mm (3% in) 13 mm (2. 19 mm (34 in.) {l-2 in.) 9.5 тт (% in.) 13 пит (02 in.) 19 mm (54 in.) (1-2 in) 
Speed mm’ ij ту ю/ тї m. mm Speed тї mí ту im тї m/ mm im) 
Steel HBa) тшш ыш tooth tooth looh tooth tooth Hovth tooth toth m/min tooth tooth tooth Лоо woth tooth tooth tooth 
High-speed steel cutters(b) 
W group. 150-200 32 105 0.05 0.002 0.08 0.003 0.13 0.005 0.15 0.006 43 140 0.025 0.001 0.05 0.002 010 0.004 (0.13 0.005 
S group.... 175-225 26 8S 005 0.002 0.08 0.003 0.10 0.004 0.13 0.005 34 110 0.025 0.001 0.05 0.002 (0.08 0.001 (0.10 0.004 
O group. 200-950 21 70 0.025 0,001 0.05 0.002 0.08 0.003 0.10 0.004 z 90 0.018 0.0007 0.025 0.001 0.05 0.002 0.08 0.003 
A group(c) ..... 200-250 21 70 0.0 0.001 0.05 0.002 0.08 0.003 0.10 0.004 27 90 0.018 0.0007 0.025 0.001 0.05 0.002 0.08 0.003 
Dgroupand A7... 200-250 15 50 0.025 0.00] 0.05 0.000 0.08 0.003 010 0004 20 65 0.018 0.0007 0.025 0.001 0.05 0.002 0.08 0.003 
ни)... 150-200 23 75 0.025 0.00! 0.05 0.002 0.08 0.003 0.10 0.004 30 100 0.018 0.0007 0.025 0,001 0.05 (0.002 0.08 0,003 
200-250 21 70 0.025 0.001 0.05 0.002 0.08 0.003 (0.10 0.004 29 95 0.018 0.0007 0.025 0.001 0.05 0.002 0.08 0.003 
325-375 15 50 0025 0.001 0.025 0001 0.05 0002 008 0.003 20 65 0013 0.0005 0.025 0.001 0.025 0,001 0.05 0,002 
48-50 
HRC 9 3 = ++ (013 0.0005 0.025 0.001 0.038 0.0015 — 11 35 0.013 0.0005 0.013 0.0005 0.018 0.0007 0.025 0.001 
Нәфе)......... ‚ 150-200 20 65 0025 0.001 0.038 0.0015 005 0.002 0.08 0.003 27 90 0.013 00005 0025 0.001 0.038 0.0015 005 0002 
200-250 18 60 0.025 0.001 0.038 0.0015 0.05 0.002 0.08 0.003 24 80 0.013 0.0005 0.025 0.001 0.038 0.0015 0.05 0.002 
М2 and TIP). 200-250 20 65 0.025 0.001 0.05 0.002 0.08 0.003 0.10 0.004 26 85 0.01& 0.0007 0.025 0.001 0.05 0.002 0.08 0.003 
M3-E and TAg) 17 55 0.025 0.001 0.05 0002 пок 0.003 0.10 0.004 23 75 0.018 0.0007 0.025 0.001 005 0.002 0.08 0.003 
14 4$ 0018 0.0007 0.025 0.001 0.038 0.0015 0.064 0.0025 18 60 0.013 0.0005 0.025 0.001 0.038 0.0015 0.05 0.002 
150-200 24 во 005 0002 0.08 0.003 0.10 0.004 0.13 0005 — 34 110 0.025 0.001 0.05 0.002 0.08 0.003 0.10 0.004 
| 20-250 23 75 0.025 0.001 0.05 (0.000 0.08 0.003 010 0.004 30 100 0.018 0.0007 0.025 0.001 005 0.002 0.08 0.003 
100-150 30 100 0.05 0.002 0.08 0.003 0.13 0.005 0.15 0.006 4| 135 0.025 0.000 0.05 0.002 0.10 0.004 0.13 0.005 
150-200 27 90 0.05 0.002 0.08 0.003 0.10 0.004 0.13 0005 37 120 0.025 0.001 0.05 0.002 0.08 0.003 0.10 0.004 
Carbide cuttersti) 
W group. 150-200 152 500 0.064 0.0025 0.10 0.004 0.18 0.007 0.20 0.008 198 650 0.038 0.0015 0.089 0.0035 0.15 0.006 0.18 0.007 
Sgroup........... 175-225 113 370 0.05 0.002 0.08 0.003 0.13 0005 0.18 0.007 145 475 0.025 0.000 0.05 0.002 0.10 0.004 0.13 0.005 
O group ..... 200-280 91 300 0.038 0.0015 0.064 0.0025 0.10 0004 0.13 0.005 19 390 0025 0.00! 0.038 0.0015 0.08 0.003 0.10 0.004 
A groupic) 200-250 91 300 0.038 0.0015 0.064 0.0025 0.10 0004 0.13 0.008 119 390 0.001 0.038 0.0015 0.08 0.003 0.10 0.004 
D group an 200-250 61 200 0.038 0.0015 0.064 0.0025 0.10 0.004 0.13 0.005 79 260 0.001 0.038 0.0015 0.08 0.10 0.004 
HING)..... 150-200 91 300 0.038 00015 0.064 0.0025 0.10 0.004 0.13 0005 119 390 0.001 0.038 0.0015 0.064 0.10 0.004 
82 270 0.038 0.0015 0.064 0.0025 0.10 0.004 0.13 0005 110 360 0.001 0.038 0.0015 0.064 010 0.004 
53 175 0.025 0.001 0.05 0.002 0.08 0.00 0.10 0004 70 230 0.025 0.00! 0.025 0.001 0,05 0.002 0.08 0.003 
27 90 0.013 0.0005 0.025 0.001 0.05 0.002 0.13 000S 37 120 0.013 0.0005 0.013 0.0005 0.038 0.0015 005 0.002 
y ss 0.025 0.001 0.05 0,002 0.08 0.008 23 75 0.013 0.0005 0.013 0.0005 0.038 0.0015 005 0.002 
Mo 45 0.025 0.001 0.002 0.08 0.003 18 во 0.013 00005 0.013 0.0005 0.038 0.0015 005 0.002 
> 55 0025 0.001 ооо? оов 0.003 14 45 0.013 0.0005 0.013 0.0005 0.038 0.0015 005 0.002 
[rU 150-200 0.025 0.00] 0.05 0002 0.008 0.10 0004 — 91 300 0.001 0.038 0.0015 0.05 0.002 0.08 0.003 
200-250 0.025 0.001 0.038 0.0015 0.0025 0.089 0.0035 88 290 0.025 0001 0.038 0.0015 0.05 0.002 0064 0.0025 
M2 and TID ,..... 200-250 0.038 0.0015 0.064 0.0025 0.004 0.13 0.008 98 320 0.025 0001 0.038 0.0015 0.064 0.0025 0.10 0.004 
M3-1 апа Tág).... 225-275 0.038 0.0015 0.064 0.0025 0,004 013 0005 85 280 0.025 0.001 (0.038 0.0015 0.064 0.0025 0,10 0.004 
MIS and TIS)... 225-275 0.038 0.0015 0.05 0.002 0.003 010 0.004 69 225 0.025 0.001 0.038 0.0015 005 0002 0.08 0.003 
L group. 150-200 005 0,002 0.08 0.003 0.005 0.18 0007 148 485 0.00] 0.05 0002 0.10 0.004 0.13 0.005 
F group 200-250 0.038 0.0015 0.064 0.0025 0.004 0.13 0005 128 420 0.001 0.038 0.0015 0.064 0.0025 0.10 0.004 
PI-P6 .... 100-150 140 460 0.064 0.0025 0.10 0.004 0.15 0.006 0.20 0.008 184 605 0.0015 0.089 0.0035 0.13 0.005 0.18 0.007 
P20-P21 180-200 122 400 0.05 0.002 0.08 0.003 0.13 0.005 0.18 0007 158 520 0.001 0.05 0.000 0.10 0.004 0.13 0.005 





(a) Unless otherwise noted, (b) High-speed steels M2 and M7 except 15, M33, M41, M42.! 
of 48 to SO HRC. (c) Includes all of group A except A7. (d) Includes also H10. H12, НІЗ. H14, H16, and HI9. (c) Includes al 
Iso Ма. M7, M30. M33, M34, M35, M36. M41, M42, МАЗ. M44, T5 and T3. (h) Also M3 


MIO, Т2, T6, and T7. (д) Includes а 














d Маз forthe milling of МЭ (clans 1) ар T4 groups, MIS and TI groups, and groon Н! at hardness 


H22, H23, H24. H25. Hál, H42, and H43. (0 Includes also MI. M6. 
(i) Carbide grade C-2. Source: Metcut Research Associates Int. 








Variation in Practice for P20. Practice 
described in Example 12 is typical for mak- 
ing plastics molds. Because P20 steel can be 
processed in several ways, it is used for 
many different mold types and sizes. The 
molds are machined at three or more differ- 
ent hardnesses. 

The most economical way to make a 
plastic mold is to machine prehardened 
steel (usually 275 to 325 HB) for service 
without further heat treatment. Machinabil- 
ity for most operations is reasonably good 
at this hardness, and the cost of further heat 
treatment is eliminated. 

At a hardness of 275 to 325 HB a high- 
speed steel cutter can be operated at about. 
18 m/min (60 sfm) and at a feed rate up to 


0.13 mm/tooth (0.005 in./tooth) (somewhat 
less if the cutter shank lacks rigidity). When 
carbide cutters are used, the feed will be 
about the same, but the speed can be in- 
creased to about 73 m/min (240 sfm). Cool- 
ing ducts can be drilled with carbide-tip gun 
drills at 76 m/min (250 sfm) using a feed of 
0.010 to 0.015 mm/rev (0.0004 to 0.0006 in./ 
rev) for holes no larger than 13 mm (V^ in.) 
in diameter. 

For molds used in molding plastics that 
contain abrasive fillers, mold hardness must 
be higher to attain acceptable mold life. 
Under these conditions one of three proce- 
dures is followed. 

The simplest procedure is to machine the 
steel in the fully annealed condition (175 to 








225 HB) to finished or nearly finished size. 
At this hardness, metal can be removed 
with high-speed steel cutters at 27 m/min (90 
sfm) or at 107 m/min (350 sfm) with carbide 
cutters. Feed is commonly 0.13 to 0.18 mm/ 
tooth (0.005 to 0.007 in./tooth), although 
lesser feeds are necessary if the cutter lacks 
rigidity. Cooling ducts can be drilled with 
carbide-tip gun drills at 90 m/min (300 sfm) 
and feeds of 0.010 to 0.015 mm/rev (0.0004 
to 0.0006 in./rev) for holes up to 13 mm (V2 
in.) in diameter. After machining, the mold 
is carburized and hardened so that the sur- 
face is approximately 60 HRC and the core 
is approximately 50 HRC. Some grinding or 
polishing, or both, are needed to finish the 
mold. 








Table 14 Nominal speeds for the power band sawing of wrought tool 


steels with high-speed tool steels 









































Material 
Hardness, thickness Band speed 
Steel нв mm i mmin sim 
High speed. 200-250 Annealed <13 43 140 
MI TI 13-25 38 ns 
м2 т 25-75 32 105 
Mé T6 >75 26 85 
M10 
High speed. 225-275 Annealed <13 40 130 
Mil M36 M47 1-25 35 105 
Mi Ма T4 25-75 эз 95 
M7 M42 TS >75 24 80 
M30 Маз T8 
MB ма 
M34 M46 
High speed Annealed o» 
M32 м ж 
TIS 20 65 
7 55 
Hot work. 150-200 Annealed LU 200 
ню 55 180 
Hn 46 150 
un x 120 
ШЕ 325-375 Quenched зв 05 
нц апі 4 10 
HI9 tempered xo» 
з 7 
Hot work 150-200 Annealed 46 150 
Hop H2: 4 ns 
H22 H26 моо 
HW» H42 7 9% 
H24 200-280 Annealed 8 140 
ж 125 
3 ao 
26 85 
Cold work . 200-250 Annealed Зк 125 
AT 34 по 
02 x 9% 
Di no 
D4 
DS 
D7 
Cold work ... 200-250 Annealed B <k PO 2548 бм 52 1% 
А2 AIO P 325 £10 46 1% 
A3 OI 5 Р 43 6 Зк ns 
AM О? >75 >35 СР 8563 34 3 105 
A6 06 
AB OT 
^9 
Shock resisting... = 175-225. Annealed PO 25-8 би 49 160 
SI Р 32.5 8-10 44 145 
82 Р 43 6% 37 120 
55 СР 8563 34 0 100 
56 
57 
Mold... ‚ 100-150 Annealed 10-14 7 240 
p 8-10 66 215 
P4 68 s 175 
ps E 44 145 
P6 
Mold... 150-200 Annealed 10-14 64 210 
P20 $10 56 185 
P21 68 4 155 
34 38125 
Special purpose -150-200 Annealed 10-14 56 185 
L2 *-l0 — 50 165 
Lé 6-8 41 135 
17 34 4 10 
Special purpose. ..200-250 Annealed wie $3 10 
Fl 8-10 46 150 
F2 68 38 125 
34 32 a 
Water hardening 150-200 Annealed 0-4 60 200 
Wl, W2, W5 5-10 55 180 
SAE J438b: Types 68 46 150 
W108. W109, W110, 34 37 120 


W112, W209, W210. 


w310 


(u) P, precision: C, claw; B, buttress. S 





ce: Metcut Research Associates Inc. 
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When molds are too intricate to withstand 
the carburizing treatment without excessive 
distortion, a second procedure is sometimes 
used. The prehardened steel is completely 
machined and then gas nitrided for 30 h. 

The third machining procedure is also used 
for plastic molds that are too intricate to 
carburize in the finish machined condition. 
‘The fully annealed stock is rough machined to 
within about 1.6 mm (в in.) of finish surface, 
then hardened to 45 to 50 HRC. After heat 
treatment, the mold is finish machined. Car- 
bide cutters are usually used. A speed of 26 
m/min (85 sfm) with a feed of about 0.05 mm/ 
tooth (0.002 in./tooth) with grade C-2 carbide 
is common practice. 


Machining of 
Tool Steel Gears 


Gears that function in a hot or abrasive 
environment are sometimes made of a hot- 
work tool steel such as H11, H12, or H13. 
Milling is the gear-production process most 
often used, because it is practical for the 
small quantities that are usually needed. 

One of three procedures is usually fol- 
lowed, the choice of procedure depending 
largely on whether the primary requirement 
is abrasion resistance or heat resistance in 
service. 

One procedure is to mill the gear teeth in 
the fully annealed condition (200 to 250 HB) 
followed by quenching and tempering to 
approximately 50 HRC. If this procedure 
causes excessive distortion, a final grinding 
operation can be included. When this pro- 
cedure is used, a speed of about 30 m/min 
(100 sfm) may be used for rough milling and 
40 m/min (130 sfm) for finishing with high- 
speed steel cutters, For gears having diame- 
tral pitch of 1 to 3, a feed of 0.15 mm/tooth 
(0.006 in./tooth) is usually optimum. As 
pitch becomes finer, the feed should be 
decreased gradually to 0.08 mm/tooth (0.003 
in./tooth) for gears having diametral pitch of 
25 to 32. 

When the gears must resist abrasion, 
common practice is to quench and temper 
the blanks to 325 to 375 HB, mill the teeth, 
and then nitride the machined gear. At this 
higher hardness, speed must be reduced to 
about 20 m/min (65 sfm) for rough cuts and 
30 m/min (100 sfm) for finishing with high- 
speed steel cutters. Feed is also reduced to 
about 0.10 mm/tooth (0.004 in./tooth) for 
gears having diametral pitch of 1 to 3 or 
about 0.08 mm/tooth (0.003 in./tooth) for 
gears having diametral pitch of 25 to 32. 

In some instances it is desirable to mill 
the teeth at higher hardness and employ no 
further finishing operations. Milling H11 at 
up to 55 HRC is common practice. 











Grinding of Tool Steels 


The wide differences in composition 
among tool steels give rise to wide varia- 
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Table 15 Nominal speeds and feeds for the power hack sawing of 


wrought tool steels with high-speed tool steels 














Material ‘Speed, | —. .— Fed — —] 
Hardness, thickness Pitch, strokes!  — Positive — 
Steel HB ` Condition mm іп. mma) Teethün. min mmistroke in.istroke Pressure(b) 
High speed .200-250 Annealed <6 <% 25 10 60 0075 0.00 L 
M TI 6-19 4-4 25 10 60 боз 0.003 L 
м? Т? 19-50 52 4 6 55 0.15 0.006 M 
Mé T6 >50 > 63 4 55 015 00% M 
мо 
High speed ...... Annealed <6 <и 25 10 55 0:075 0.003 L 
M*I M4! Та 619 мм 25 10 SS 0.075 0.00 L 
Mà M4 Т5 19-50 М2 4 6 $0 05 0.006 м 
М7 M4 T8 >50 >22 63 4 50 015 0006 M 
M30 M44 
M33 M4 
M34 M47 
M36 
High speed ..... <6 10 48 0075 0.003 L 
M3-2 6-19. 2 10 45 0075 0.003 L 
TIS 19-50 M2 4 6 40 0075 0400 L 
>50 >? 4 6 40 015 0.006 м 
Hot work 150-200 Annealed <6 <% 25 10 100 0.075 0.003 L 
ню 6-19 YY 25 0 100 015 0.006 м 
ни 19-50 y2 4 6 90 оз 0.006 M 
HI2 »50 22 63 4 90 оз 0.006 M 
HB 325-375 Quenched <6 <и 25 10 55 0.075 0.003 L 
нА and 6-19 VA 25 10 55 0075 0.003 L 
HID tempered 19-50 Y2 4 6 50 015 — 0.006 M 
>50 52 63 4 50 015 0.006 M 
Hot work... 150-200 Annealed <6 <% 25 10 60 0075 000 L 
н?! H25 6-19 V 25 10 60 0.075 0.003 1 
H22 H26 19-50 %2 4 6 55 015 0.006 M 
H23 H42 >50 >22 63 4 55 015 0006 м 
HM 200-250 Annealed <6 <и 25 10 55 0075 0.003 L 
6-19 4% 25 10 55 0.075 0.003 L 
19-50 4-2. 4 6 S0 015 0.006 M 
> o2 63 4 50 0.15 0.006 м 
Cold жогК...............200-250 Annealed <6 <и 25 10 48 0.075 0.003 L 
A7 6-19 WM 25 10 45 0.075 0.003 Б 
р? 19-50 02 4 6 40 0075 0.003 L 
D4 >50 2 4 6 40 015 0.006 M 
bs 
D7 
Cold work...... ..300-250 Anncakd <6 < 25 10 70 0075 0.003 L 
A2 AID 6-19 мм 25 0 70 0.075 0.003 L 
A3 01 19-50 Y-2 4 6 60 0.15 0.006 м 
A4 02 >50 »2 63 4 ө 0.15 0.006 м 
A6 O6 
A8 07 
A9 
Shock resisting ...........175-225 Annealed — «6 <и 25 10 00 0075 0.003 L 
5! 6-19 WY 25 ю 40 0.15 0006 M 
52 19-50 2 4 6 90 015 0.006 м 
55 >50 022 63 4 90 0.15 0.006 м 
56 
57 
Mold ... . 100-150 Annealed «A 25 10 0.003 k 
pa 6-19 мей 4 6 0.006 M 
P4 19-50 Y2 4 6 0.006 M 
ps >50 22 63 4 0.006 M 
P6 
Mold .. 150-200 Annealed <6 <и 25 10 0.003 L 
P20 6-19 Vh 4 6 0.006 M 
P2 19-50 4-2 4 6 0.006 м 
>50 22 63 4 0.006 м 
Special purpose 150-200 Annealed <6 <% 25 10 0.003 L 
L2 6-19 eM 4 6 0.006, M 
16 19-50 V2 4 6 0.006. M 
17 >50 22 6. 4 0.006 м 
Special purpose .200-250 Annealed <6 <А 2. 10 0.003 L 
FI 6-19 AA 2. 10 0.003 L 
F2 19-50 %2 4 6 0.006 M 
>50 22 63 4 0.006 м 
Water hardening . . 150-200 Annealed <6 < 25 10 0.003 L 
WI, W2, WS 6-19 Ve 4 $ 0.006. M 
SAE J438b: Types 19-50 %2 4 6 0.006 M 
W108, W109, 550 2 63 4 0006. M 
W110, WI2, 
W209. W210, 
W310 


(а) Conversions per ISO 2336. (b) L. light 














: M. medium: H, heavy. Source: Metcut Research Associates Inc. 








tions in grinding characteristics. The grind- 
ability index of a material is a measure of 
the ease of removing stock by grinding, 
expressed in terms of wheel wear. Numer- 
ically it is equal to the grinding ratio ob- 
tained under a specified set of grinding 
conditions, the grinding ratio being the vol- 
ume of work material removed per volume 
of wheel wear. The higher this index, the 
easier the material is to grind. This concept 
of grindability does not include grinding 
sensitivity, which is the susceptibility of the 
work material to cracking during or after 
grinding. Nor does this concept involve the 
case of obtaining a good surface finish. The 
grindability index is about 100 times as great 
for the easiest tool steel to grind as for the 
most difficult. This relation is evident in 
Fig. 10. 

In general, the grindability index has di- 
rect significance only below some limiting 
value that decreases as the proportion of 
wheel wear ascribable to dressing in- 
creases. Indirectly, however, the grindabil- 
ity index can be helpful in rating a group of 
work materials, even when most of the 
wheel wear is from dressing. Thus, the 
indexes for a number of similar materials 
can sometimes be related to the number of 
pieces per dressing for a particular opera- 
tion. Likewise, as size of the wheel is in- 
creased relative to the area of the ground 
surface, the highest value of the grindability 
index that is directly significant becomes 
less, but the index may have indirect signif- 
icance even though it exceeds the limiting 
value. 

The grindability index is less of a factor 
with easy-to-grind materials. It is much 
more important when difficult-to-grind tool 
steels are considered. However, the devel- 
opment in CBN wheels with a resinoid or 
vitrified matrix and in metal-plated mono- 
layer CBN wheels has advanced tremen- 
dously. This superabrasive has a very low 
wear rate and has increased both the metal 
removal rates and the wheel life significant- 
ly in many applications. Specifically, form 
wheels with CBN abrasives have gained 
wide acceptance in numerous form tools for 
grinding (drills, end mills, and so on). More 
detailed information on the use of CBN for 
grinding can be found in the article ‘‘Su- 
perabrasives”’ in this Volume. 

Because the grindability index is an in- 
verse measure of wheel wear, its ranking of 
work materials can be used to predict the 
relative ease of maintaining dimensional ac- 
curacy and also the relative production rate, 
provided surface roughness or grinding 
damage are not controlling factors. These 
may be affected by entirely different prop- 
erties of the work material than those that 
affect wheel performance. For example, the 
susceptibility of hardened steel to the for- 
mation of grinding cracks, known as surface 
damage (see the article "Surface Finish and 
Surface Integrity" in this Volume) can be 

















Machining of Tool Steels / 725 


Table 16 Nominal speeds and feeds for the circular sawing of wrought tool steels with high-speed tool steels 






















































Solid stock diameter e Fd High-speed 
Hardness, ог thickness 1 Cutting speed. steel (ool material 
HBa Condition mm in, injtooth mimin Ып тти Чалов 150 AISI 
200-250 Annealed 680 из 0200.75 — 15 ШЕП 0.005 — 54,52 М2, M7 
50-160 36 050-0 12 ю 013 0.005 
160-250 69 0751.30 9 0 018 0.007 
250-400 9-15 090-75 8 25 018 0.007 
s 5 Annealed 680 из $20 020075 12 40 010 0.004 54.52 М2. М7 
M47 80-160 36 12-30 050110 11 35 010 0.004 
T4 1601250 6-9 20-35 075-130 & 25 015 0.006 
TS 250-400 9-15 2545 090-175 6 0 015 0.006 
та 
225-275 Annealed 6-80 из 5-200 020-075 0.10 0004 54,52 M2, M7 
380-160 3-6 12-30 — 050-110 0.10 0.004 
1602950 69 20-35 075-130 0.15 0.006 
280-400 9-15 2545 0.90-1.75 0.15 0.006 
Hot work EEEN E] Annealed 6-0 мз 5-20 020075 0.15 0006 854,52 М2, М7 
HIO 3-6 12-30 0:50-1.10 0.15 0.006 
ни 69 2035 075120 020 0.008 
un 5 9-15 2545 090175 0.20 0.008 
un 325-375 Quenched and — 6-80 — V3 5-20 — 020-075 0.10 0.04 54.52 M2, M7 
Hn tempered 80-160 16 12-30 — 0.50-1.10 0.10 0.004 
нә 160-250 6-9 2035 075-130 0.15 0.006 
250-400 — 9-15 2545 090175 0.15 0.006 
48-50 HRC Quenched and GRO vea 4-15 — 01506 10 — 0.050 0.0020 54,52 M2. М7 
Tempered 80-160 3-6 10-25 0.40-0.90 8 0050 0.002 
160-250 69 18-30 0.70-1.10 5 — 0475 0.003 
250-400 9-15 20-35 — 080-1.35 з — 0.075 0.003 
Mot work ооо... 150-200 Annealed 680 уз 5-20 0.20-0.75 0.15 0006 54,52 М2, М7 
| H2! H2 80-160 3-6 12-30 0.50-1.10 0.15 0.006 
| H22 H26 160-250 69 20-35 075-130 0.20 0.008 
Ноз H42 2580-400 915 25-45 0904175 0.20 0.008 
H24 200-250 Annealed 6-80 M3 0.20-0.75 0.13 0.005 54,52 M2, M7 
80-160 36 0.50-1.10 0.13 0.005 
160-250 6-9 0.75-1.30 0.18 0.007 
250-40 9-15 0.90-1.75 0.18 0.007 
Cold өо.................. 200-250 Annealed 6-80 M3 0.20-0.75 0.13 0.005 M2, M7 
AT 80-160 36 0.50-1.10 0.13 0.005 
D2 160-250 6-9 0.75-1.30 0.18 0.007 
Di 250 400 9-15 25-45 — 0.90-1:75 ю 018 0,007 
D4 
DS 
07 
Cold өө.................. 200-250 Annealed 6-80 из 020-035 21 0 0.005 54,52 M2, М7 
A2 AID 80-00 36 6511.10 17 55 0.005 
A3 О! 160-250 6-9 0.75-1.30 14 45 0.007 
Ad О? 280-40 9-15 2545 — 090-175 И 35 0.007 
A6 O6 
A8 07 
A9 
Shock resisting... Б Annealed 6-80 мз 0204.75 24 80 0.005 54,52 М2, M7 
5! 80-160 3-6 050-110 20 65 0.005 
160-250 6-9 0375-130 15 50 0.007 
250-400 9-15 090175 12 40 0.007 
100-150 Annealed 6-80 из 5-0 020-075 27 % 015 0006 54.52 М2, М7 
80-160 3-6 0:50-110 23 75 0.15 0.006 
160-250 6-9 20135 — 075-30 17 555 020 0.008 
250-400 9-15 2545 090-175 14 45 020 0.008 
150-200 Annealed 680 Из 5-00 020-075 30 100 015 0.006 M2, M7 
80-160 3-6 1230 0.50110 24 8 0.15 0.006 
160-250 69 20-35 075-130 20 65 020 0.008 
2580-40 915 2545 — 090-75 15 50 020 0.008 
Special purpose. sess 150-200 Annealed 680 3 520 020075 3 no 015 0006 54,52 M2. M7 
L2 80-160 v6 1230 050110 27 90 015 0.006 
16 160-250 69 20-35 — 075-030 21 70 020 0.008 
L7 280-40 9-15 25-45 — 090-175 17 55 020 0.008 
Special purpose sess 200-250 Annealed 6-80 3 020075 24 з 0n 0.005 54,582 М2,М7 
FI 80-160 3-6 3 0.50-1.10 20 65 013 0.005 
f 160-250 69 2035 0.75130 15 50 018 0.007 
250-49 — 915 2545 — 0903175 12 40 — 018 0.007 
Water hard көе. 150-200 Annealed 680 из $20 020075 27 90 015 0006 — 84,82. М2, М7 
WI, W2, WS 80160 36 1230 050110 23 75 015 0.006 
SAE J438b: Types 160-250 69 20-35 $ 17 5 — 020 0.008 
WIO8, W109, W110. 250-400 9-15 2545 м 45 020 0.008 
WIZ, W209, W210. 
wid 


(a) Unless otherwise noted. Source: Meteut Research Associates Inc. 
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Table 17 Turning MIO versus 
sulfurized M10 reamer blanks 








Sulfucised 
Hem Mio мю 
Speed, revimin ..............-_ 230 325 
Speed, m/min (Ут) xax — 520170) 
Feed. mm/rev (in rev) 0.64 (0:025) 0.64 (0.025) 
Depth of cut, mm Gin.) 3.18 00.125) 3.18 (0.125) 
Length of cut, mm (in.) 95099 SGW 
Power input. kW (hp) эл4) 3.765) 
Force on tool bit, kN (ЫЙ... 4.67 (1050) 4.00 (900) 
Cutting rate, cm min 

tin." /min) 69.6 (4.25) 98.3 (6) 
Cutting rate. kg'min 

(b/min) 0,567 (1.25) 0.82 (1.8) 
Tool life per grind, pieces ..... 18 25 


Note; Reamer blanks 50 mm (2 in.) in diameter were turned for 
removal of 6.35 mm (0.250 in.) of stock on the diameter, А 1370 
mom (54 in.) lathe with 3.7 kW (5 hp] capacity and 19 mm (0.75 
in.) square tools or M2 high-speed steel were used for turning. 
Cutting fluid was à 1:25 mixture of soluble oil and water 





markedly affected by changes in the pro- 
cessing (especially heat treating) to which 
the steel is subjected before grinding. At the 
same time, these processing changes may 
have no effect on the grindability index. The 
relative ease of producing acceptable parts 
from different steels may depend on cither 
the grindability index or the grinding sensi- 
tivity. A similar situation may arise with 
respect to the ease of producing a desired 
finish. 

In operations such as cylindrical or 
thread grinding, in which the wheel normal- 
ly wears only to a negligible extent before it 
has to be dressed, the grindability index has 
less significan 








Steel Classification 
for Grindability 


Classification of steels as low, medium, 
or high in grindability is usually precise 
enough for practical purposes. The classifi- 
cation of that kind shown in Table 20 cor- 
relates satisfactorily with the grindability 
index relationships of Fig. 10. All the steels 
shown in Table 20 as having low grindability 
are generally comparable to T15 (Fig. 10) in 
terms of grindability index. Similarly, the 
grades listed as medium are similar to D3. 
and those indicated as having high grind- 
ability usually show an index equal to, or 
slightly higher than, that of O2 (Fig. 10). It 
is worth noting that all the steels classified 
as having low grindability contain 3% or 
more vanadium (see also Fig. 11). Some 
tool steels that contain about 2% V and 
cobalt additions, such as M43 and M44, are 
also difficult to grind and are placed in the 
category of low grindability (see ^ Vanadi- 
um" in the section "Effect of Steel Compo- 
sition on Grindability" below). 

In general, as the wear resistance of steel 
is increased, grindability is sacrificed. The 
abrasion-resistant, high-vanadium, high- 
speed and die steels, when properly ap- 
plied, offer considerably longer tool life 
than the lower-alloy easier-to-grind materi- 
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Table 18 M2 versus carbide-tip 
cutters for milling flutes in T15 end 
mills 






















— Cutter 
tiem Te “симе! 
Speed. revi "T. 32 
Speed, mímin (sfm). 17 57) 45 (146) 
Feed, mm/min (in./min) 441%) 89.1348) 
Machining time per cut, min 143 0.71 
Tool life. number of cuts . 7 200 





Note: Milling four belical flutes in 19 mm (54 in.) diam end mills 
in a 2.2 KW (3 hp) universal mill, Depth of cut was 3.2 to 1.6 mm 
(to Vis in.). width was 9.5 mm C in.), and 

(QA in.). A sulfur-base ой was used as the cutting 
And carbide-tip cutters were 44 mm (138 in.) in di 
mm (3 in.) wide. 
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als, and this helps to compensate for the 
extra cost of fabricating them into tools. 
However, the use of a difficult-to-grind 
stcel for an intricate too! such as a tap, small 
twist drill, compacting dic, or spline broach 
may increase the cost of fabrication enough 
to defeat the application. 


Effect of Steel Composi 
on Grindability 


The ease of grinding after heat treatment 
is usually inversely proportional to the base 
hardness, the volume of carbide phase pres- 
ent, and the hardness of individual carbide 
particles. Steels containing high percentag- 
es of carbon and carbide-forming alloying 
elements are difficult to grind. Tool steels 
relatively high in carbide-forming elements 
are more difficult to grind than the carbon 
or low-alloy types, even though hardness 
and carbon content may be higher for the 
low-alloy steels. 

Vanadium has the greatest effect of all 
alloying elements on grindability. and all 
steels containing more than about 1% V are 
difficult to grind. Vanadium up to about 1% 
is soluble in austenite in most tool steel 
compositions, and little if any undissolved 
vanadium carbide remains in the normal 
heat-treated structure. Beyond 1% V, how- 
ever, excess undissolved vanadium carbide 
begins to appear in the microstructure, and 
the carbide particles increase rapidly in size 
and number at higher vanadium concentra- 
tions. ТІ high-speed steel contains only 
about 0.5% undissolved vanadium-rich car- 








нз 





Fig. 6 Pothole extrusion die that was faced, 
gJ- Ө turned, ond milled in 28% less time when 
made of sulfurized H13 than when made of H13. 
Dimensions given in inches 
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Drill details. 


Material... eee M7 
Diameter, mm (in.). - 16,5 CVa 


















Length. mm (in.). 130 (500 
Helix angle, degrees. etn 30 
Point angle (included), degree: N 
Lip relief angle. degrees ES 
Machining conditions 
Speed at 220 rev/min, mimin (sfmWah, ,.... 12 38) 
Feed ut 0.13 mmirev (0.005 in./rev), 

mm/min (in./min)(a) „92119 
Depth of hole, mm (in... cse AR (1,50) 
Cutting fluid. water: nonsulfurized 

water-soluble synthetic ооа 40:1 
Drilling time per cycle of four holes, тїп. 1.5 
Tool life per drill, holes. . . 300-500 
(a) Speed and feed were slightly lower than normal rilling W2 
to conform to the power 1.7 kW. or 5 hp) and rigidity of the 





machine and drill head. 





Fig. 5 Spend conditions for the muhiple-spindle 
ig. 5 drilling of holes in W2 die guide plates. 
Dimensions in figure given in inches 


bide after conventional heat treatment, 
whereas TIS contains approximately 8%. 
Because of this relationship, increasing the 
vanadium content of a high-speed steel from 
1104 wt% reduces the grindability index by 


MI or M3 
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Tongential thread chaser in which dovetail 
was milled. Dimensions given in inches 


Fig. 7 
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Good machinability 





Weight of blank, kg (Ib) . 0.257 (0.566) Feed, mmirev (in./rev). 0.016 (0.00063) Мега! removal per blank, kg (Ib) 0.0073 (0.016) 
Hardness, HB... s. 215 Depth of cut, mm (іп.) sess 2.20 (0.087) Rate of metal removal, kg/min 
Speed at 830 rev/min. m/min (sfm) 34 010 Cutting fluid, soluble oil:water. . 1:70 (b/min) s > " 0.44 (0.096) 





Fig 8 Change of method that improved machinability and tool life in forming recess in wood-drill shanks made of hot-rolled ond annealed L1 tool steel. Dimensions in figure 


given in inches. Specimens for micrographs were etched in 2% nital. 2000x 


a factor of close to 30, if there is enough hardness of 2300 to 2700 HK, averaging 
carbon in the steel to convert the vanadium about 2500 HK. Aluminum oxide grinding 
into vanadium carbide. wheel abrasive has a hardness of 1900 to 

Vanadium carbides are relatively pure 2900 HK, averaging 2440 HK. The near 
carbides formed during solidification of the equality in hardness of these two substanc- 
steel; they contain very little iron or other es partly explains the difficulty in grinding 
metallic elements. These carbides have a — high-vanadium steels. 
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Operation 1 Drilling Operation З Die-sink milling 


Tool materialta) M2 high-speed steel Tool materiald) . M2 high-speed steel 
80 


Hole diameter. mm (in.).....90 (34) Speed, rev/min . E 
Hole depth, mm n.), . 15016) Feed, mm/min (in./min) . 20-35 (0.8-1.4) 
Depth of cut, mm (in.) ....... 50 (2) 





Operation 2 Boring 
Tool materialtby TS or M34 high-speed OPeration 4 Drilling waterline holes 
steel Tool materiale) 
Nx Speed, revimin . 
10.050. 13 (0.002-0.005) Feed, mm/rev (in./min] 


.660 (26) 


(a) A 90 mm (34 in.) diam twist drill of standard design was used: speed und feed were not reported. (b) Fly-cutting tool bits used had 
15" top rake angle, 107 end rake angle. 5° end cutting edge angle. and (^ side cutting-edge angle. (c) Speed was decreased as diameter 
of hole was progressively increased hy use of larger-drameter fly cutters, (0) Taper die-sinking cutter was 50 mm (2 in.) in diameter by 
182 mm (6 in.) in length, (e) A 17.5 mm (vis in.) diam crankshaft drill was used. 


- MIO high-speed steel 
80 






Speed. revimin 
Feed, mmirev 
Final diameter, mm їп)... 


| 0.05 (0.002) 











Fig. 9 f2v"-2Peration machining of prehordened P20 steel mold for forming plastic television cabinet housings. 
D+ 7 Blank weighed 1230 ka (2720 Ib): finished mold weighed 650 kg (1430 Ib). Dimensions in figure given in 
inches 






Figure 11 shows the relative length of time 
for grinding high-speed steels of different va- 
nadium contents. The same relative time to 
grind ТІ and M2 steels is indicated, even 
though M2 has a higher vanadium content. 
However, wheel wear is greater when grind- 
ing M2 than when grinding nd this factor 
has not been taken into consideration in the 
presentation of data on grinding time. The 
adverse effect of vanadium on grindability is 
reflected also in the grindability index com- 
parison plotted in Fig. 12. 

Chromium. Although less potent than 
vanadium, chromium also has a marked 
effect on the grindability index. In the A and 
D series of cold-work die steels, the same 
effects of vanadium on grindability have 
been observed as in high-speed steel. A7 
and D7, however, are difficult to grind not 
only because of the high volume of vanadi- 
um carbide present, but also because of the 
presence of a large number of complex 
iron-chromium carbides. The effect of chro- 
mium on the grindability index is indicated 
in Fig. 13. 

Sulfur. The effect of sulfide inclusions in 
tool steel appears to be predominantly 
chemical in nature; sulfide inclusions great- 
ly reduce wheel wear without marked deg- 
radation of the mechanical properties of the 
steel. In the hardened condition, sulfurized 
tool steels have better grindability than the 
same grades without sulfur. Data are sum- 
marized in Tables 21 and 22. 





Effect of Hardness of 
Steel on Grindability 


Grindability of tool steel decreases as 
hardness increases. However, the magni- 
tude of the difference contributed by hard- 
ness varies considerably with different com- 
positions. 
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Table 19 Tool design for milling 
carbon-tungsten special-purpose tool 
steels with high-speed steel cutters 


ing of Specific Metals and Alloys 
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Rake angle, degrees ed 10-15 
Clearance angle, degrees . 10-15 
End relief angle, degrees .... eM 
Tooth land radius, mm (in.) - 0.8 (C) 
















Grindability index 





For tool steels that contain few if any 
particles of alloy carbide, such as the W and 
O types, hardness has a relatively small 
effect on the grindability index, as indicated 
in Fig. 10. For instance, O2 steel has a 
grindability of 60 at a hardness of 20 HRC 
(annealed), but as hardness is increased to 
60 HRC, the grindability decreases to about 
30. 

The decrease in the grindability index 
with increasing hardness is more pro- 
nounced (on a logarithmic scale) for the 
more highly alloyed tool steels such as D3 
and TI5 (Fig. 10). For instance, the grind- 
ability index for Т15 is only about 10 in the 
annealed condition (23 HRC) and decreases 
rapidly to about 0.6 at 60 HRC. Thus, it is 
always more economical to do as much of 
the grinding as possible prior to heat treat- 
ment. However, from the relationship of the 
grindability index and hardness shown in 
Fig. 10, it is evident that for highly alloyed 
steels such as TIS the critical factor is 
whether stock is removed in the soft or hard 
condition. 


Effect of Hardne 
on Surface Finish 


Hardness influences the surface finish 
that results from grinding tool steel when 
other factors remain the same. However, 
grinding parameters are the major influence 
on surface finish and can easily overcome 
the effects of material hardness. Factors 
that increase grindability generally cause a 
rougher finish. Figure 14 shows the relation- 
ship between hardness and surface rough- 
ness for one of the easier-to-grind steels 
(O2) and for one of the more highly alloyed 
and more difficult-to-grind steels (D3). For 
both steels, surface roughness increases as 
hardness decreases, However, this increase 
is more pronounced for O2 than it is for D3. 
To maintain a constant surface roughness, it 
is necessary to change to a harder wheel for 
the softer steels, which is in keeping with 
general grinding practice. 











о 1 2 зо 40 50 60 70 
Hardness, HRC 











The effect of hardness on the grindability 


Fig. 10 of elected tool steels 


Effect of Steel Composition 
on Grinding Cost 


In the production of intricate tools and dics 
involving considerable finish grinding after 
heat treatment, not only is the cost of finish 
grinding an important consideration, it is usu- 
ally of greater significance than the compara- 
tive machinability or workability of the steel 
in the annealed state, Finishing operations 
that involve form grinding, thread grinding, or 
the internal grinding of small holes separate 
the difficult-to-grind tool steels from the easy- 
to-grind grades more than does surface grind- 
ing of flats. However, in surface grinding of 
the more abrasion-resistant and longer-wear- 
ing grades of high-speed steel and die steel, 
the rate of wheel wear often equals or ex- 
ceeds the rate of metal removal (grinding 
ratio, G, is less than опе). The consequent 
wheel dressing accounts in part for the higher 
costs. 





General Practice 


Equipment for grinding tool steel is sel- 
dom different from that used for similar 
operations on other metals. Equipment is 
discussed in detail in the article "Grinding 
Equipment and Processes” in this Volume. 

Selection of Wheel. Composition and 
hardness of the tool steel being ground, the 
workpiece shape. and tolerance and finish 
requirements arc significant factors in se- 
lecting a grinding wheel for a given applica- 
tion. The type of grinding operation may 
also influence the characteristics of the 
wheel used (Table 23). Details of the ASA 
system of grinding wheel identification and 
of a modified system used in these articles 
and, in addition, a more complete discus- 
sion of grinding wheels are given in the 





Table 20 Relative grindability of tool steels 











Grindabitity Seeds 
Low(a) AT, 07, M3 (class 2), M4, MIS. M43, M44, T3, T9, TIS 
Medium(b) A2-A6. A8-A10, DI-DS. H steels, MI. M2, M7, M10. TI, T4, F steels. P4 
High(c) O steels, W steels, S stecls, L steels, P steels except P4 





(a) Grindability index is generally comparable te that for TI in Fig, (0. (b) Grindability index is generally comparable to that for D3 in. 
Fig. 10. (c) Grindability index is equivalent to or greater than that for O2 ia Fig. 10. 


ма 
MID 
6 СІІ С $0 0б 150 
„ся Relative length of time fc 





grind ng 


Fi 11 The effect of vanadium content of high- 
g. speed steel on the grinding time required 
for the removal of equal volumes of metal with the same 
type of wheel 


article “Grinding Equipment and Pro- 
cesses" in this Volume (structure number 
has been omitted from some wheel designa- 
tions in this article). 

In most grinding applications on tool 
steel, aluminum oxide wheels are used. 
Silicon carbide wheels are sometimes used 
for grinding tool steels that have an ex- 
tremely low grindability index. For the fin- 
ish grinding of cutting tools, CBN wheels 
are preferred; aluminum oxide wheels are 
the most cost effective in roughing opera- 
tions prior to finishing with CBN wheels. 
CBN wheels wear longer and produce less 
grinding damage to the part. Table 24 lists 
data for CBN wheels used in three different 
grinding applications. 

The selection of abrasive-grain size de- 
pends mainly on the surface finish required. 
As grain size decreases, finish improves, 
but the rate of metal removal usually de- 
creases. Wheels having grain size as coarse 
as 36 are used for rough grinding. Grain 
sizes of 60 to 120 are most common for 
finish grinding. Much finer grain sizes are 
available for special applications, such as 
rol] and thread grinding. 





Table 21 Effect of sulfurization of 
tool steel on grindability 
Data are for surface grinding. 





Grindability index 








‘Regular Increase, 

Steel grade Selurzeda)  % 
Dry grinding. 

NO aryen i? 34 100 
M3 (class 1)... 55 54 180 
MAine 28 95 240 
Wet grinding 

ВИЕ isses ВА) 96 50 
M3 (class 1 za 20 42 
И сеннге сы 09 21 130 
D7. 09 31 240 





(2) Free machining 
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s The effect of vanadium content on the 
Fig. 12 grindability of tool steels 


As in the grinding of production steels, 
softer wheels are normally used for the 
harder materials, and vice versa. Most tool 
steels are ground in the hardened condition, 
for which soft-to-medium-grade wheels are 
selected because wheel breakdown should 
be rapid, to expose new cutting edges of the 
abrasive. Hard wheels are likely to glaze 
and burn the surface of hardened steel. 
Wheels softer than E in a porous structure 
or H in a normal structure are seldom used 
on tool steel. 

The selection of wheels for thread grind- 
ing does not necessarily follow the pattern 
for other types of tool stcel grinding, be- 
cause it is important to minimize the rate of 
wheel breakdown to keep the wheel accu- 
rate in thread form. Therefore, wheels of R 
to Z hardness are commonly used for thread 
grinding. 

Structure (density) numbers from 5 to 9 
are common, and the majority of wheels fall 
within this range. Structure numbers, spec- 
ified by each manufacturer, are related to 
other wheel characteristics and to the spe- 
cific operation. Structure numbers are not 
necessarily related to the hardness of the 
steel being ground. 

Vitrified bond is the most widely used for 
grinding tool steel. Such a bond is strong, 
has a high yield in terms of metal removal 
rate, is not affected by any grinding fluid, 
and resists all temperature changes normal- 








Table 22 Тһе effect of 

















sulfurization and hardening 
temperature of M3 high-speed 
steel on grindability 

Dry grinding Wet grinding. 
Temperature "Regular ni m 
"СО ^F grade  Sulfurizedis) grade Sulfurized(a) 
Grindability index 
1210 220..... 57 18.7 29 44 
1225 2240... 5.5 154 27 42 
1245 2270..... 5.5 14.6 25 32 
Net power input(b) 
1210 2210..... 8.7 83 10.8 103 
1225 2240 89 10.6 10.2 
1245 2270 92 107 94 





tà) Free machining. (b) Expressed in arbitrary units 
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13 The effect of chromium content on the 
è grindability of tool steels 





ly encountered in grinding operations. With 
some exceptions, a vitrified-bond wheel 
should be operated at speeds not exceeding 
2000 m/min {6500 sfm). 

Resinoid Bond. Wheels bonded with res- 
inoid are generally less efficient for grinding 
tool steel than those having a vitrified bond. 
However, the resinoid bond is stronger than 
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the vitrified bond, and thus wheels with 
resinoid bond can be safely operated at 
higher speeds. They are often used for 
centerless and thread grinding of hardened 
tool steel and also for cutting off, slotting, 
and flute grinding. 

Rubber bond wheels are often used in 
specialized applications such as flute grind- 
ing. Rubber bonds have the disadvantage of 
being affected by oil. 





Table 23 Typical conditions for the grinding of tool steel 





[— Work material condition and hardness — ——] 
i Quenched and tempered 








Operating condition Annealed (150-275 HB) (56-65 HRC) 
Surface grinding(a) 
Wheel classification AAGIV. Ad6IV 





Wheel speed, m/min (sfm). 
Table speed. m/min (sfm) . 
Down feed, mm/pass (in./pass) 

Roughing "— 





Finishing улаан 
Cross feed. fraction of wheel width per pass .- 


Cylindrical grinding(b) 


Wheel classification ....... 
Wheel speed, m/min (sfm) 
Work speed, m/min (sfm) 
Infeed, mm/pass (in./pass) 
Roughing.... s 
Finishing — es 
Traverse per work rotation, fraction of wheel width 
Roughing... 
Finishing ..... 


Centerless grinding(c) 


Wheel classification 

Wheel speed, m/min (sfm). 

Work feed, mm/min (in./min) 

Infeed, mmipass ( 
Roughing 
Finishing 

Regulating wheel 
Angle, degree: 
Speed, revimin 


Internal grinding(d) 


Wheel classification . . 
Wheel speed. m/min (sfm). . 
Work speed, m/min (хіт). 
Infeed, mm/pass (in.ipass) 
Roughing ...... 
Finishing С. я нонам 
Traverse per work rotation, fraction of wheel width 
Roughing . 
Finishing 





































1700-2000 (5500-6500) 
15-30 (50-100) 


1700-2000 (5500-6500) 
15-30 (50-100) 


0.05 (0.002) 0.05 (0.002) 
0.013 (0.0005) max 0.013 (0.0005) max 
ГА Vn 
AAGKV. A46LV. 
1700-2000 (5500-6500) 1700-2000 (5500-6500) 
18 (60) 15 (50) 
0.05 (0.002) 0.05 (0.002) 
- 0.013 (0.0005) max 0.013 (0.0005) max 
v А 
Ms La 
АӨМУ ABOLV 
1700-2000 (5500-6500) 1700-2000 (5500-4500) 
15 (50) 15 (50) 
0.13 (0.005) 0.13 (0.005) 
0,038 (0.0015) max 0.038 (0.0015) max 
3 3 
30 30 
ASÜLV ASOLV 


1500-2000 (5000-6500) 
23-46 (75-150) 


1500-2000 (5000-6500) 
23-46 (75-150) 


- 0.013 (0.0005) 0.013 (0.0005) 
0.005 (0.0002) max 0.005 (0.0002) max 
ГА D 
Ye Ys 


(a) Applicable to all tool stects except A7 and tbe D. T, M. and F groups when they are quenched and tempered. For these groups an 


ASOIV wheel is recommended. (b) Applicable to ali tool steels except A7, 07, T9. TIS. МЗ. МА. MIS, and the F 


roup when they 


аге quenched and tempered. For these steels either ап A46JV or и C46JV should be used, and traverse for rough grinding should be 
по more than one-third the wheel width per work rotation. (c) Applicable to all too] steels except А? and the D. T. M. and F groups 
when they are quenched and tempered. For these steels infeed per pass should be no more than 0,08 mm (0.003 in.) рет pass for roughing 
and 0.025 mm (0.001 in.) per pass for finishing. For gnoding A7. 07. T9. TIS, MA. M4, MIS, and the F group in the quenched- 
and-tempered condition, an A8OKV wheel should be used. (d) Applicable to ай tool steels in ай Conditions. Source: Меси Research 


Associates Inc. 
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Table 24 Typical grinding practice for wrought tool steels in excess of 50 HRC hardness using cubic boron 





ide (CBN) wheels 








Work 
speed, Traverse 
Wheel Wheel speed, Table speed, m/min Down feed, mm/pass Cross feed, mmipass Infeed on wheel width! 
Grinding operation identification m/min (sfm) mimin (sfm) © бїт) (in /pass) бараке) diameter, m (in. work rev 
Surface grinding, horizontal 
spindle. reciprocating table . BIOT7SB. 1700-2400 15-38 0.013-0.038 3.0-25 
(5500-8000) (50-125) 40.0005-0.0015a) (0.12-1.00) half of 
whecl width, max 
Cylindrical grinding BIOOTIOOB —— 1500-2300 eee 15-30 0.013 (0.0005) 0.025 14 
(5000-7500) (50-100) тах) 40.001) 
0.005 18 
10.0002) тах) 
Internal grinding. ,... BI20TB 1500-3000. 24-46 0.013 13 
(5000-10 000) (80-150) (0.0005)(a) 
BISOTV 0,005 18 


(а) Rough. (b) Finish 


40.0002) max(b) 





Resin bond wheels are useful for finish 
grinding and for producing burrfree edges 
on cutting tools using CBN abrasives. 

Speed. Most tools and other workpieces 
made of tool steel are ground at speeds of 
1200 to 2000 m/min (4000 to 6500 sfm) 
although low-stress grinding (LSG) requires 
speeds below 1200 m/min (4000 sfm) while 
finish grinding with CBN can exceed 3000 
m/min (10 000 stm). However, the specific 
grinding operation, as indicated in the sec- 
tion "Types of Grinding” in this article, is a 
major factor in the selection of wheel speed 
(Table 23). 

Grinding Fluid. All computer numerical 
control (CNC) tool and cutter grinding 
(sharpening) is done wet. Only manual 
chines are run dry, which usually results in 
loss of surface integrity on the finished 
cutters. Fluids used are: 






* Soluble-oil emulsion 
* Synthetic solution 
* Grinding oil 





Emulsions of about one part soluble oil to 
25 to 40 parts water are the most widely 
used fluids for grinding tool steel. For grind- 
ing threads or for operations involving 
heavy cuts and hard wheels, specially com- 
pounded oils give greater accuracy and 
smoother finish. Where possible, a sulfu- 
rized oil should be used to maximize the 
grinding ratio and minimize surface integri- 
ty damage. 

In applications in which the conventional 
use of a flow of grinding fluid is not practi- 
cal, oil or a water-base fluid sprayed in a 
mist over the work has proved effective. 
Compressed air has also proved effective 
for applications in which liquids arc imprac- 
tical. 


Types of Grinding 


Grinding of tool steel includes surface, 
cylindrical, centerless. internal, thread, and 
flute grinding, and sharpening or clearing of 
tools. Flute grinding is mainly used in the 
manufacture of end mills, taps, drills, and 


reamers. Sharpening or clearing is used for 
finishing or reconditioning various tools and 
usually involves minimal stock removal. 

Surface grinding of tool steel is com- 
monly done in both of the principal types of 
surface grinders: horizontal spindle and ver- 
tical spindle (a description of the two types 
can be found in the article **Grinding Equip- 
ment and Processes" in this Volume). The 
first method is more flexible in accommo- 
dating various workpiece shapes and sizes, 
and the second is especially well adapted to 
the grinding of many identical pieces in one 
load, as in grinding the sides of milling 
cutter blanks. Lower speeds (often as low 
as 1200 m/min, or 4000 sfm) are used in 
reciprocating-table operations, in which it is 
difficult to keep grinding fluid trained on the 
working surfaces or in which workpiece 
sections are thin, or both. The surface 
grinding of knives made of carbon tool steel 
is an application in which extreme care 
(including low speed) is necessary. One 
advantage of rotary-table grinding is the 
ease of supplying a flood of grinding fluid to 
the critical areas. 

Cylindrical grinding of workpieces be- 
tween centers is extensively used for tool 
steel because of the large number of round 
tools that require grinding of two or more 
diameters. This type of grinding is least 
likely to damage workpieces, because of the 
small area of contact between wheel and 
workpiece. Minimum contact makes possi- 
ble the most efficient use of the grinding 
fluid and, therefore. the use of speeds as 
high as allowable for the particular wheel. 
Speed of workpiece rotation in grinding tool 
steel is essentially the same as in cylindrical 
grinding of any other metal (23 to 46 m/min, 
or 75 or 150 sfm, is a common range). Stock 
removal per pass may be as high as 0.13 mm 
(0.005 in.) on the diameter in the rough 
grinding of hardened tool steel, and from 
0.013 to 0.025 mm (0.0005 to 0.001 in.) in 
finishing. 

Centerless grinding is uscd in preference 
to cylindrical grinding on centers when the 
workpiece shape permits. It is not applicable 








if more than one diameter is to be ground or 
if a shoulder or protuberance interferes. 

Internal grinding involves greater con- 
tact of wheel and workpiece than does 
external grinding. Thus, therc is a greater 
possibility of surface damage. Although this 
danger exists for internal grinding of all 
metals, it is more critical for highly hard- 
ened tool steel. Common practice is Lo use a 
wheel diameter no larger than 90% of the 
diameter of the bore to be ground when the 
bore diameter is smaller than 25 mm (1 in.). 
For grinding bores larger than 25 mm (1 in.), 
the wheel diameter should be no larger than 
70% of the bore diameter. 

Stock removal per pass must be light 
(seldom more than 0.013 mm. or 0.0005 in., 
on the diameter) or burning may res 
When it is impractical to use grinding flui 
as when fluid would impair the operator's 
vision into small holes, prevention of dam- 
age from excessive heat may be difficult. 
Under these conditions, air blast cooling is 
sometimes used. 

Thread Grinding. Normal practice for 
thread grinding tool steel is not necessarily 
different from that for grinding of threads in 
production steels of similar агат see 
the article "Thread Grinding" in this Vol- 
ume. Thread grinding tool steel is often 
critical because of the end use. For in- 
stance, in grinding the cutting teeth in taps 
from the hardened solid, extreme care must 
be used to avoid burning the crests of the 
teeth. 

A relatively fine grit is ordinarily used for 
grinding threads in hardened tool steel. The 
type of bond depends largely on the accu- 
racy required. Vitrified wheels give greater 
accuracy because they deflect less than 
resinoid bond wheels. The latter are used 
when a high production rate is more impor- 
tant than accuracy. 

A constant flood of grinding oil over the 
area being ground is mandatory for success- 
ful thread grinding. Water-base cutting flu- 
ids are unsuitable for thread grinding. 

Flute Grinding. Spiral or straight flutes 
are often ground in tool blanks after heat 


















Table 25 Process parameters and machine condi 


low-stress grinding results 





n guidelines for 


Parometers are listed in descending order of significance for low stress generation in the workpiece surface. 





Process parameters and machine conditions 


Guidelines 





Process parameters 
Grinding wheel dressing technique 


Frequent and coarse to mai 
Maintain sharpness of dres 


їп sharpness 
ing tool 








Avoid dwell in using crush, roll. or single-point dressing tools 


Wheel speed... К 
Down feed (or infeed) rate. ... 


‚+ Low (< 1100 m/min. or 3500 sfm) 
0.005-0.013 mm/pass (0.0002-0.0005 in./pass) with programmed 


reduction from conventional rates 


Grinding uid... 
Wheel classification. , .. 


Oil-base fluid is preferred 
Soft grade (С. Н, or D(a) 


Open structure (7-6) 
Grain size (60 or coarser) 


Table (workpiece) speed , 





High (=15 m/min, or 50 sfm) 


Cross feed is preferred to plunge motion 


Grinding fluid flow control .. 


+. Adequate to high fluid flow 


Placement of fluid between wheel and workpiece ensured 
Flow-controlling nozzle design 
Reduce air film on wheel 


Machine conditions 
Machine type and quality, 


Solid. vibration free. and well maintained 


Clean tanks, filters. and lines 


Rigidity of setup. 


‚ Good fixture design 


‘Cleanliness of fixture maintained 


(а) Cylindrical grinding frequently requires the use of harder wheels (with J grade prevalent). However, the other parameters must be 
for d. 


selected to compensate for the extra hardness. Source: Low Stress Grinding 


Associates Inc., 1983 


Quality Production. 2nd cd., Metcut Research 





treatment, rather than being cut in a prior 
milling operation. Grinding is preferred for 
producing accurate flutes. However, be- 
cause of the relatively long contact between 
the wheel and the work and because the 
wheel is buried in the work, this method 
calls for extreme caution. 

In most applications, relatively hard alu- 
minum oxide resinoid bond wheels are 
used. Larded grinding oil (or some sulfu- 
rized-type oil specially compounded for the 
purpose) is recommended over water-oil 
emulsions, which are used for most other 
grinding operations. 

Low-Stress Grinding (LSG). Tool steels 
are especially prone to alterations such as 
microcracks, burns, and phase changes 
when subjected to excessively intense 
grinding conditions due to the high rate of 
energy input into the material surface. Use 
of low-stress grinding, which ranks just 
below lapping in ascending order of energy 
density (rough grinding and abusive grind- 
ing being the most intense conditions), can 
minimize these surface alterations and max- 
imize surface integrity. Low-stress grinding 
typically yields a surface roughness of 0.10 
to 1.60 um (4 to 63 pin.) R, compared to 
0.80 10 3.8 шт (32 to 150 pin.) R, for 
high-stress grinding. Low-stress grinding 
uses special combinations of grinding pa- 
rameters that reduce the heat shock and 
plastic deformation inherent in all grinding. 
operations. Control of these parameters 
produces a workpiece surface with excel- 
lent dimensional tolerances, fine surface 
finish, a minimum of residual stress, and 
low distortion, in sum, high surface integri- 
ty. When good dimensional stability of a 








component is needed, or for surfaces sub- 
jected to high fatigue stresses or possible 
stress corrosion, the enhanced integrity 
from LSG is a positive contribution to prod- 
uct integrity. Table 25 lists typical low- 
stress grinding parameters. 

The advantages of low-stress grinding 
must be weighed against the process disad- 
vantages. The principal drawback to low- 
stress grinding is the generally slower rates 
of material removal. Lower infeed values, 
softer wheels with lower grinding ratios, 
and more frequent wheel dressing all con- 
tribute to slower material removal and extra 
cycle time. The use of higher workpiece 
speeds, however, can offset this lower pro- 
ductivity to some extent. The down feed or 
infeed rates for finishing must be kept at 
very low levels for good LSG results. Feed 
rates can be scheduled to decrease progres- 
sively from several thousandths of an inch 
per pass to finishing values of a few ten- 
thousandths of an inch per pass. If the work 
material has not cracked in roughing, the 
finishing process levels need not be applied 
until 0.13 to 0.25 mm (0.005 to 0.010 in.) of 
the finish size is reached. The other grinding 
parameters have little, if any. effect on 
production rates, although they can affect 
the operating cost. 

Sharpening or clearing is needed in the 
final finishing of new tools, as well as in 
reconditioning almost all types of cutting 
tools and many types of dies. Machines for 
this use are special in most instances; tools 
such as end mills and cutters need one type of 
machine, whereas drills need a different type. 

The hand grinding of tools is not recom- 
mended, because it is impossible to obtain 
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accuracy as high as is possible in machine 
grinding, and damage to cutting edges is 
more likely in hand grinding. 


Grinding of W, O, S, 
and L Steels 


Although there is considerable variation 
in grindability among steels in the W, O, S, 
and L groups, they are all within the general 
classification of high-grindability steels (Ta- 
ble 20). Depending on hardness, a grindabil- 
ity index approximating that shown for O2 
in Fig. 10 can be expected. 

All tool steels are to some degree suscep- 
tible to tempering from overheating during 
grinding. However, the W, O, S, and L 
steels are more susceptible than the more 
highly alloyed steels. Surface hardness be- 
gins to decrease from the maximum value 
when these steels are heated higher than 120 
to 150 °C (250 to 300 °F), 





Grinding of A and D Steels 


With the exception of A7 and D7, the 
cold-work tool steels of the A and D groups 
are classified as medium in grindability (Ta- 
ble 20). Although there is considerable vari- 
ation within the group, a grindability index 
approximating that for D3 (Fig. 10) can bc 
expected. The variation in chromium con- 
tent among the different types has some 
effect on grindability, as indicated in Fig. 
13. The amount of vanadium in the A and D 
steels (other than A7 and D7) is not suffi- 
cient to affect grindability significantly. 

Because they contain 4% or more vana- 
dium, A7 and D7 are classified as low in 
grindability (Table 20), and a grindability 
index approximating that shown for T15 in 
Fig. 1 can be expected. Steels such as A7 
and D7 are used if resistance to abrasion is 
necessary and thus they would be expected 
1o be extremely low in grindability. 


Grinding of Hot-Work 
Steels (H Types) 


The chromium, tungsten, and molybde- 
num hot-work steels are generally classified 
as medium in grindability (Table 20). A 
grindability index approximating that of D3 
(shown in Fig. 10) would be expected for 
the higher-alloy steels in the H group. and a 
somewhat higher index would be expected 
for the lower-alloy steels, such as H10. 

There are some differences in grinding a 
low-alloy steel like H10 (total alloy content. 
about 9.5%) and in grinding the highest- 
alloy steel of the group (H26, with an alloy 
content of 23%). However, none of these 
steels contains more than about 2% V, 
which is a major factor affecting grindabil- 
ity. In addition, all hot-work steels are 
relatively low in carbon content (0.65% is 
the highest, and most of them have less than 
0.5596). Therefore, massive carbides are not 
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Table 26 Grinding ratios for 
high-speed tool steels 








Hardness, Ratio far wheel type 
HRES ‘aaotiey ASHBY хонну 
"T 0.49 0.62 0.51 
2.677 0.97 0.99 0.88 
68.7 12 1.6 14 
267.5 14 22 17 
68.8 AN 65 38 
‚649 6.1 72 67 
64.9 78 8.0 us 





Note: For grinding hardened high-speed steel in a horizontal 
spindle, reciprocating surface grinder 





likely to occur. These steels are seldom 
harder than 55 HRC when they are ground. 
Thus, their grindability is generally better 
than that of tool steel hardened to 60 HRC 
or higher. 

Loading the grinding wheel is a greater 
problem in grinding hot-work stecls than in 
grinding high-carbon tool steels, and more 
frequent dressing of wheels is usually re- 
quired. Selection of soft (K or softer) alu- 
minum oxide wheels that have a structure in 
density of 5 or lower is usually helpful in 
minimizing wheel loading. 


Grinding of 
High-Speed Steels 


The T and M types of high-speed steel 
comprise a group of about 30 members. The 
lower-alloy general-purpose types are usually 
classified as medium іп grindability (Table 
20). However, this depends to some extent on 
their carbon content. The grades M2, M7, and 
MIO, with 1.0% carbon, have a grindability 
approximately the same as M3 (class 2) (Ta- 
ble 20). The more highly alloyed types. par- 
ticularly those containing 3% or more vana- 
dium, are low in grindability and have a 
grindability index approximately the same as 
that shown for T15 in Fig. 10. The low grind- 
ability and consequent high grinding cost of 
the highly alloyed steels are major factors in 
deterring their more widespread use. 

A more recent development in high-speed 
steels is the M40 group. These grades can be 
heat treated to as high as 70 HRC in small 
sections, but are less difficult to grind than the 
high-vanadium types such as T15, which are 
two or three points lower in hardness. The 
reason for the appreciably better grindability 
of the M40 steels is that they do not contain 
the large amounts of the extremely hard and 
abrasion-resistant particles of vanadium car- 
bide that are present in T15. 

The M40 steels, all heat treated to ap- 
proximately the same hardness, differ con- 
siderably among themselves in grindability, 
presumably because of differences in the 
amount and hardness of the carbide parti- 
cles present. 

As shown in Table 26, the grindability of 
the M40 steels is distributed over most of 











the range between that of T15 on the low 
side and MI on the high side. Mcasure- 
ments of grinding power showed the 46- 
grit wheel to be somewhat harder than the 
60-grit wheel, although both wheels were 
well within the normal hardness range for 
H-grade wheels. The consistently lower 
grinding ratios obtained with the coarser 
grit size indicate that 60 gril was superior 
to 46 grit from the standpoint of stock 
removal for all those steels. That is, more 
material was removed at the same power 
consumption. 

This is equivalent to removing the same 
amount of material at a lower power level, 
which is the same as saying that the 60-grit 
abrasive is cooler cutting than 46 under 
these grinding conditions. A cooler-cutting 
wheel is less likely to damage the work 
surface, and because a finer grit size nor- 
mally results in a better finish, 60 grit is 
superior to 46 with respect to both grinding 
damage and surface finish. In many appli- 
cations, however, a cooler-cutting wheel 
produces a poorer finish, and the relative 
quality of two wheels then depends on 
whether it is more important to minimize 
grinding heat at the same production rate or 
to obtain a better finish. 

Similar power comparisons have shown 
that the 80-grit wheel was a little softer than 
the 60-grit wheel, which accounts for the 
somewhat lower grinding ratios obtained 
with the finer wheel for all the steels except 
MI. When the slight grade difference be- 
tween the two wheels was taken into ac- 
count, the 60-grit abrasive was found to 
provide slightly cooler cutting than the 80- 
grit material for the T15, M44, and M42 
steels, while the reverse was true for M2, 
M41, and M43 steels. The finer grit was 
markedly superior for the MI steel, as 
shown in Table 26. 

These results illustrate two conditions. 
First, in grinding two high-speed steels of 
the same type having essentially the same 
grindability rating under a specified set of 
grinding conditions, one wheel may perform 
better on one steel, and another one may 
have better results on the other steel. Sec- 
ond, the grindability ratings of two similar 
steels may differ by a small amount for one 
wheel and considerably for another, as can 
be seen by comparing the grinding ratios for 
the MI and M2 steels and the three grit 
sizes. 

Present knowledge on the effects of alloy- 
ing elements on the grindability of high- 
speed steel can be summarized: 


€ Vanadium carbide has a pronounced ef- 
fect in reducing grindability 

е Iron-tungsten carbide, in which molybde- 
num may substitute for part or all of the 
tungsten, has very little effect in compar- 
ison with vanadium carbide 


* Reducing the hardness of the steel by 
tempering increases the grindability. The 
effect is small for a change of a few points 
on the HRC scale, but can be quite large 
if the hardness is reduced considerably 
below the range in which these steels are 
used in practice 

е Sulfurizing the steel to make it free ma- 
chining can increase the grindability ap- 
preciably. The degree of improvement 
appears to be affected by the grindability 
of the steel in the unsulfurized condition, 
but it is unclear whether high-speed steels 
of low or high grindability benefit more 
from sulfur 

Cobalt moderately reduces the grindabil- 

ity of high-speed steel 

In molybdenum high-speed steel, raising 

the tungsten content and reducing the 

molybdenum appears to decrease the 
grindability 





Grinding of F Steels 


The carbon-tungsten special-purpose tool 
steels (F types) are classified as medium in 
grindability, despite their relatively low al- 
loy content. They are all high in carbon 
content and are nearly always used in the 
fully hardened condition (65 10 67 HRC) and 
thus are placed lower in grindability than 
the W or L types. 

Grinding practice for the general-purpose 
types of high-speed steel is also applicable 
for grinding the F types. 


Grinding of P St 


The low-carbon mold stecls are seldom 
ground in the soft condition. Steels P1 to P6 
are commonly carburized, hardened, and 
tempered, after which a grinding operation 
is required for correcting dimensions. Steels 
P20 and P21 also are hardened before being 
ground. Provided reasonable care is exer- 
cised to avoid grinding burn, overheating, 
and heavy grinding of sharp internal angles, 
these steels, with the exception of P4, are 
rated high in grindability (Table 20). In 
general, the grinding characteristics of the 
carburized surfaces are comparable to those 
of 1% C water-hardening tool steel or to 
low-alloy tool steel. Because of its higher 
chromium content, however, carburized P4 
is more susceptible to grinding burn and 
cracking, and hence is usually classified as 
medium in grindability (Table 20). 
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Machining of P/M Tool Steels 
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DURING MANUFACTURING, аз 
much as 50% of a tool blank can be removed 
by sawing, turning, drilling, milling, grind- 
ing, and other machining operations. Con- 
sequently, the machinability and the final 
surface finish obtainable with tool steels are 
important factors that affect material selec- 
tion and the cost of a finished tool. Tool 
steels are generally more difficult to ma- 
chine and grind than plain carbon and low- 
alloy construction steels because of their 
high carbide contents and their high hard- 
nesses in both the annealed and hardened 
conditions. Further, the large size and the 
uneven distribution of the carbides (caused 
by ingot segregation in conventionally pro- 
duced tool steels) are often unfavorable for 
optimum machinability. 

Rapid solidification of the atomized pow- 
ders used in the production of wrought 
powder metallurgy (P/M) tool steels elimi- 
nates the segregation present in convention- 
al tool steels and produces a very fine 
microstructure with a very uniform distri- 
bution of small carbides and nonme: 
inclusions. As a result, wrought P/M hig! 
speed tool steels exhibit better machinabil- 
ity, dimensional control and safety in heat 
treatment, grindability, and edge toughness 
during cutting than conventional high-speed 
tool steels of the same composition (Ref 1). 

A variety of Anti-Segregation Proce: 
(ASP) and Crucible Particle Metallurgy 
(CPM) wrought P/M tool steels are available 
(Tables | and 2). For the most part, wrought 
P/M processing has been applied to the 
production of standard AISI-type high- 
speed tool steels (M-2. M-3, M-35, 1-15 
and so on) with or without sulfur additions 
for enhanced machinability. However, sev- 
eral P/M-processed, highly alloyed super- 
high-speed tool steels (CPM Rex 20. CPM 






























Table 1 Commercial ASP tool steel 
compositions 

Composition, S Typical 
ASP grade Cr Mo W V Со hardness, HRC 
23 128 42 $0 64 X1 - 65167 
30.00.0. 128 42506431 85 6668 
60......... 20 40 70 65 65 105 67169 


Note: The ASP P/M process is described in the article “P/M 
High-Speed Tool Steels" in this Volume. 


Table 2 Commercial CPM tool steel compositions 




















я Composition, * pe 
Materia moco а w mw v о Wet 
High-speed steels 
CPM Rex M2 HCHS .......... М2 100 445 5.00 2.00 9.27 64-66 
СРМ Rex M3 HCHS ... s3 M3 130 4.00 5.00 3.00 м 0.27 65-67 
CPM Rex M4 verrees M4 1.35 4.28 4.50 4.00 0.06 64-66 
CPM Rex M4 HS ы .Má 1.35 4.25 4.50 4.00 0.22 64-66 
СРМ Rex M35 HCHS ......... M35 1.00 445 5.00 2.00 5.00 0.27 65-67 
CPM Rex M42 eene ма? 110 3.75 9.50 1.18 8.00 66-68. 
CPM Rex 45 m 1.30 4.00 5.00 3.00 8.25 0.03 66-68 
CPM Rex 45 HS . 1.30 4.00 5.00 3.00 8.25 0.22 66-58. 
CPM Rex 20 „з MO 130 3.78 10.50 2.00 я 0.06 66-68. 
СРМ Rex TIS . . pnr у з 1.55 4.00 12.25 * 5.00 5.00 0.06 65-67 
CPM Rex T15 HS TIS 1.55 4.00 12.25 p^ 5.00 5.00 0.22 65-67 
СРМ Rex 76 . M48 1.50 3.75 10.00 535 3.10 9.00 0.06 67-69 
CPM Rex 76 HS жере» MAR. 1.50 3.75 10.00 5.25 3.10 9.00 0.22 67-69 
Cold/warm work tool steels. 
СРМ 9V ТЕ 1.75 525 1.30 9.00 bles 53-55 
СРМ 10У .... ^» All 245 5.25 1.30 9.75 0.07 60-62 
CPM 440V wiseso m 245 17.50 0.50 5,75 ns 57-59 
Warm/hot work tool steels 
СРМ H-19V .. ves tt 0.80 4.25 435 0.40 4.00 4.25 a 54-56 


Note: The CPM process is described in the article “P/M High-Speed 


‘Tool Steels" in this Volume, 





Rex 45/ASP 30, CPM Rex 76, and ASP 60) 
have been developed for more demanding 
applications. Further. wrought P/M pro- 
cessing has been applied to the production 
of high-performance cold/warm work P/M 
tool steels (Table 2), resulting in substantial- 
ly improved wear resistance and toughness 
(Ref 2), and to P/M warm/hot work tool steels 
(Table 2), resulting in improved thermal fa- 
tigue properties, wear resistance, and tough- 





Table 3 Typical machi 
AISI high-speed tool steels 


ness (Ref 3). Detailed information on the 
production and properties of wrought P/M 
tool steels is given in the articles “Tool 
Steels" and “P/M Tool Steels” in Volumes 3 
and 7, respectively, of the 9th Edition of 
Metals Handbook. 

As with conventional tool steels, P/M tool 
steels are generally machined in two stages: 
rough machining of the workpiece with the 
steel in the annealed condition, followed by 


ing conditions for P/M and conventional grades of 























Lor ICE LR 
CM Cu RM, ЕН 
дель Ie ШЫР ыы шы Gd a шы ge 
Single-point turning.......... 3.8 18 60 0.38 0.015 9t 300 0.38 0.015 
0.64 23 75 0.18 0.007 n 365 0.18 0.007 
Drilling ................... 64 2 40 0.08 0.003 е 
B 12 40 9.13 0.005 
25 2 40 0.23 0.009 
50 12 40 0.33 0.013 
Broaching. еже w MEN E 3 10 0.05 0.002 zi we 
Face milling 20 65 0.20 0.008 78 255 0.30 0.012 
26 85 0.15 0.006. 101 330 0.25 0.010 
Cutoff . 14 45 0.03 0.001 53 ns 0.05 0.002 
4 45 0.03 0.001 53 175 0.08 0.003 
14 45 0.04 0.0015 53 175 0.11 0.0045 





Cutting Пшій............ 


Sulfurized oil. light duty 


Water-soluble oil 
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Fig. 1 Efect of sullur content on the drill machin- 
9. ! ability of CPM M-4 high-speed steel. Source: 


Crucible Materials Corporation 


finish machining (typically grinding) after 
heat treatment when the steel is in the 
hardened-and-tempered condition. These 
operations are discussed separately in the 
following sections of this article. 


In general, machining operations are per- 
formed on annealed tool steels to bring the 
size and the shape of the workpiece close to 
those of the finished part, while leaving 
enough extra stock on the part to allow for 
distortion and removal of the surface dete- 
rioration (decarburization, oxidation. and 
so on) that may occur during heat treat- 
ment. Less extra stock is generally needed 
with P/M tool steels than with conventional 
tool steels: this is because the distortion and 
size changes that occur during heat treat- 
ment are more consistent and predictable as 
a result of the more uniform microstructure 
of P/M tool steels. In general, the machin- 
ability of the P/M tool steels in the annealed 
condition is comparable to. and in many 
cases superior to, that of conventional AISI 
tool steels of similar composition. There are 
no conventional counterparts of the highly 
resulfurized P/M tool steels and the more 
highly alloyed high-performance P/M tool 
steels such as CPM 10У. Therefore. the ma- 
chinability of these steels must be considered 
separately. Table 3 lists the typical cutting 
conditions for P/M and conventional AISI 
high-speed steels of similar composition. 

An important advantage of the P/M pro- 
cess relates to the fact that the machinabil- 
ity and grindability of P/M tool steels can be 
improved by increasing their sulfur content 
to much-higher-than-conventional levels 
without sacrificing toughness or cutting per- 
formance. Therefore, as indicated in Table 
2, several P/M tool steels are available that 
contain as much as 0.30% S. Depending on 
specific conditions, the highly resulfurized 
P/M tool steels offer as much as a 30% 
improvement in machinability over lower- 
sulfur-containing P/M and conventional tool 
steels of similar base composition. A spe- 
cific example is shown in Fig. 1. which 
illustrates the beneficial effect of sulfur on 

















Fig. 2 


of Crucible Moterials Corporation 


the drill machinability of CPM M-4 high- 
speed steel 

The machinability advantage of resulfu- 
rized P/M tool steels largely relates to the 
uniform distribution of the carbides and sul- 
fides in their microstructures. As shown in 
Fig. 2 for M-3 high-speed tool steel, the 
carbides and the sulfides in the conventional 
steel are typically segregated in bands and are 
larger than those of the P/M steel. Because of 
the small size and uniform distribution of the 
sulfides. more sulfur (with a corresponding 
greater improvement in machinability) can be 
used in P/M tool steels than in conventional 
tool steels before hot workability or mechan- 
ical properties are degraded. 

Another important class of P/M tool steels 
consists of the cold/warm work grades such 
as СРМ 10У. These grades contain much 
greater-than-normal amounts of carbon and 













r> 100 um 


Depth 
of grind: 
12 um 
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Scanning electron micrographs showing the distribution ond size of carbides and sulfides in (a) 
conventional M-35 (0.10% S) and (b) P/M M-3 (0.28% S) high-speed tool steels. Both 500%, Courtesy 


vanadium for increased wear resistance. Con- 
sequently, these steels are somewhat more 
difficult to machine than high-speed steels or 
cold-work steels with lower vanadium con- 
tents. In general, СРМ 10V requires lower 
speeds and feeds than those listed in Table 3. 
Further, nitrided or black oxide coated drills 
are recommended because of the high wear 
resistance of CPM 10У. 


Grinding 


Grinding is generally one of the last oper- 
ations performed in the production of a 
hardened-and-tempered tool steel part. In 
addition to bringing the workpiece to the 
required final dimensions, the grinding pro- 
cess forms the sharp working edges on 
cutting tools, punches, and dies. Grinding is 
similar to machining in that the tool cutting 
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Conventional product СРМ product 


Schematic showing the relotive sizes of carbides and chip thickness in the grinding of conventional and 
CPM tool steels. Source: Crucible Materials Corporation 
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Fig. 4 Comperogreph showing the relative grindabiliy of CPM and conventional high-speed tool steels. Source 


Crucible Materials Corporation 


edge—in this case, an abrasive particle in 
the grinding wheel—cuts material from the 
workpiece, and the material is removed in 
the form of chips. Grinding appears to be 
different from machining because in grind- 
ing the workpiece is typically in a hardened- 
and-tempered condition and because the 
chips are many times smaller than those 
produced in machining. 

As shown in Fig. 3. the carbides in P/M 
tool steels are about the same size as the 
thickness of a typical chip produced by a 
grinding wheel abrasive particle. In con- 
trast, the carbides in conventional tool 
steels are larger and many times the thick- 
ness of the grinding chip. Therefore, during 
the grinding operation, fewer carbides must 
be fractured or worn down in the P/M steel 
because most of the carbides can be com- 
pletely removed within a grinding chip. This 
results in significantly less grinding wheel 
wear and a better surface finish. 

"The distribution of the carbides in the tool 
steel matrix also affects grindability. In con- 
ventional tool steel, the carbides typically lie 
in bands within the steel, as discussed previ- 
ously. The grinding wheel encounters alter- 
nating regions of high carbide density (and 
typically larger carbides) and low carbide 
density as it traverses the workpiece. This 
can result in nonuniform grinding wheel wear, 
a nonuniform surface finish, and a tool work- 
ing edge that is not uniformly sharp. Because 
the carbides in P/M tool steel are uniformly 
distributed throughout the steel matrix, grind- 
ing proceeds at a consistent rate. and the 
wheel wear, workpiece surface finish, and 
edge sharpness are all uniform. 














The relative grindability of several con- 
ventional and P/M high-speed tool steels is 
illustrated in Fig. 4. The grinding ratio (vol- 
ume of metal removal to the volume of 
wheel worn, as explained in the article 
"Principles of Grinding" in this Volume) is 
clearly superior for the P/M tool steels. As 
expected. the grinding ratios generally dc- 
crease for both the conventional and the P/M 
tool steels as their alloy and carbon con- 
tents increase. The grinding conditions sug- 
gested for the CPM tool steels are similar to 
those recommended for conventional tool 
steels in the article "Machining of Tool 
Steels" in this Volumc. Some specific con- 
ditions for grinding CPM 10V are given in 
Table 4. 
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recommendations for CPM 10V 
cold-work tool steel 





Toolroom grinding (sharpening)(a) 

Abrasive: very sharp 38A or 32A 

Grit sizes: 60 to 120 depending on removal and finish 
requirements. 

Grade: Grade 1 most effective. but grades as soft as G 
can work 

Bond: Vitrified 

Wheel example: Norton 32A60-IRVBE 


Wet surface grinding() 


Grit sizes: 100-150 
Wheel example: CBN (Вогагоп) СВ 120TBA 


Internal grinding(a) 


Grit sizes; 100-150 
Wheel example: CBN (Borazon) CB 1S0WBA 


Field reports concerning abrasives 


Cubic boron nitride (Borazon) grinders must be rigid, 
in good condition, and able to mount wheels with 
very good accuracy. 

Crystolon (silicon carbide) such as 39C60-IBVK are 
recommended 

Use very sharp, very friable alundum abrasive that 
remains sharp during grinding. such as 38A. 

Wet grinding recommended. 

(ч) Based on in-house laboratory testing, Note: Grinding wheel 


symbols and nomenclature are defined in the article “Grinding 
Equipment und Processes” in this Volume. 
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Machining of Heat-Resistant Alloys 


HEAT-RESISTANT ALLOYS are usu- 
ally classified as iron-base, nickel-base, and 
cobalt-base. Most of the cobalt-base alloys 
are more accurately referred to as cobalt- 
chromium-nickel-base alloys, and one of 
the iron-base alloys (N-155) contains 60% 
Co + Cr + Ni. The three basic categories of 











alloys include wrought and cast products 
with a wide range of compositions, some of 
which are listed in Tables 1 to 4. Heat- 
resistant alloys also include mechanically 
alloyed products, which are prepared by 
powder metallurgy techniques. The me- 
chanically alloyed products discussed in 





this article are the oxide dispersion 
strengthened products listed in Table 5. 
Machining is used in the manufacture of 
heat-resistant parts, although advances in 
near-net shaping with precision casting, 
precision forging, and powder metallurgy 
processing provide important alternatives 






















































Table 1 Nominal compositions of wrought heat-resistant alloys covered in this article 
чё Composition, % a 
Alloy UNS number Cr м Co Mo ж № т A Fe © Other 
Tron-hase alloys. 
16-25-6 160 250 6.00 507 006 1.35 Mn, 0.70 Si, 0.15 № 
17-14CuMo i + 16.0 14.0 2.50 04 03 624 0.12 0.75 Mn, 0,50 Si, 3.0 Cu 
19-901 K6319. , 19.0 9.0 e 125 125 04 03 66.8 030 1.10 Mn, 0.60 Si 
A-286 K66286. -15.0 26.0 125 > - 20 02 552 0.04 0.005 B, 0.3 V 
Discaloy K66220...,..... 14.0 26.0 3.0 ee 17 025 55.0 0.06 ee 
Incoloy 800 Мов. 210 32.5 ` оз 038 457 0.05 . 
Incoloy А01 мово. 10.5 20 : 113 463 0.05 
Incoloy 802 ae tases ven B10 32,5 : : so 075 OS 448 0.35 : 
N-155 R30155. 210 200 20.0 мю 25 10 з. > 32.2 0.15 0.15 N, 0,02 La, 0.02 Zr. 
t) tones rcc BB 270 - 125 se 30 025 48.6 0.08 max 0.01 B, 0.5 max V 
K66545. BS 26.0 15 LRS 02 SSR 0,08 0.05 B 
AR 213 190 0.5 тах 650 45 + 35S OSmax 017 6,5 Та, 0.15 Zr, 0.1 Y 
Haynes 25 (1-605) — R30605 20.0 10.0 50.0 150 Do 3.0 0.10 1.5 Mn 
Haynes 188 R3OLER 22.0 220 370 eO MS o З0 тах 010 090 La 
5-16 03016... 20.0 20.0 42.0 40 40 40 4.0 0.38 em 
11570 TT - 20.0 28.0 38.8 ы 7.00 4.00 20 0.20 aie 
Nickel-buse alloys 
Astroloy. m 150 56.5 15.0 525. 335 44 «03 0.06 0.03 B. 0.06 Zr 
Hastelloy B. NI0001 10 тах 63.0 25 тах 280 50 005 тах 003 У 
Hastelloy B-2 N10665 ‚ Го тах 690 10 max 28.0 20 тах 002 max р 
Hastelloy С N10002 16.5 56.0 2 17.0 45 60 0.15 тах 
Hastelloy С-276 N10276 15.5 590 160 37 : 50 0.02 тах 
Hastelloy 5 15.5 67.0 : 15.5 : о 10 0.02 max — 002 La 
Hastelloy X коөоо? 49.0 1Smax 90 06 2 158 0.15 e 
Inconel 600 Кобы). 76.0 є кее 80 0.08 0.25 max Cu 
Inconel 601 N0660 23.0 60.5 - - - 135 141 005 0.5 тах Cu 
Inconel 617 ә Ё 55.0 12.5 9.0 ж 5 10 0.07 S 
Inconel 625 N06625. . 215 61.0 E 9.0 36 02 02 005 
Inconel 700 ssa, ED 45.0 300 3.0 $ s= 2 32 0.13 sit 
IN 102 N06102,.. 15.0 67.0 ы 29 3.0 29 05 0.5 0.06 0.005 B. 0.02 Mg, 0.03 Zr 
Incoloy 901 кочоо! 12.5 45 6.0 a iid s 0.10 max * 
Inconel 706 N09706 16.0 41.5 з = 1л: 92 0.03 2.9 (Nb + Ta), 0.15 max Cu 
Inconel 718 N07718 19.0 52.5 3.0 E. 51 0.5 0,08 тах 0.15 тах Си 
Inconel 751 a ISS 125 ss 10 1.2 0.05 0.25 max Cu 
Inconel X750 N07750 15.5 73.0 £v = 10 07 0.04 0.25 max Cu 
M252 N07252 190 56.5 100 =- 10 0.15 0.005 B. 
Nimonic 80A N07080 19.5 73.0 oye d 4 0.05 0.10 тах Си 
Nimonic 90 N07090 19.5 55.5 + t 14 0.06 
Nimonic 95 : 19.5 33.5 : : 20 0.15 тах 4B, +Zr 
Nimonic 75 -19.5 75.0 gs е > 0.15 0.12 тах Си 
Refractaloy 26 - ‚180 38.0 20.0 + 24 92 0.03 0.015 B 
René 41 коло 19.0 550 110 3! 15 0.09 0.01 B 
René 95 = 14.0 61.0 80 as 0.16 0.01 B, 0.05 Zr 
TD Nickel ne Dos 98.0 - - 2.0 ThO; 
Udimet 500 N07500 19.0 48.0 19.0 pin 4.0 max 0.08 0.005 B. 
Udimet 630 ves -17.0 50.0 Ue 65 18.0 0.04 0.004 В 
Udimet 700 aceon DSO 53.0 18.5 ad «10 0.07 0.03 B 
Udimet 710 le 18.0 55.0 14.8 3.0 - 007 0.01 B 
Waspaloy N07001 19.5 57.0 13.5 43 x 2.0 тах 007 0.006 В, 0.09 Zr 





Table 2 Nominal compositions of nickel-base heat-resi 
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tant casting alloys covered in this article 





























T = - Nominal composition. % 1 
Alloy designation. c Ni се Co Mo Fe А в т w ze Others 
FID. anaren Url ы 8 10 6 6 0.015 1 010 — 4 Tata) 
Hastelloy В........ 0.10 06 — 2Smax — 28 КЕ БЕ 
Hastelloy С... weave GOT 16 2.5 max 7 = d 4 
IND iocsesieseeeres ree O18 60.5 10 15 3 0.01 5 0.06 Iv 
IN-738X naan ФИТ OL 16 8.5 1 0.01 34 26 01 1.75 Ta, 0.9 Nb 
1М-792.,...,.. о 2 B 9 2. 0.02 42 4 91 4 Ta 
Inconel 713C zavkee OID 94 12.5 = 4. 6 002 0% . 64 2 Nb 
Inconel 78#......... ом 5 19 3 9. Ий 09 0.1 Cu, 5 Nb 
М-252 мелоса QS 6 x 10 10 1 0005 26 . : 
MAR-M 200, os — s9 9 ю - 5 oos 2 25 005 1 Nbib) 
MAR-M 246,....... 015 60 9 10 25 5. 0.015 1.5 10 0.05 1.5 Та 
René 80 жАзаны AUS 8 14 9.5 4 3 oos 5 4 0.03 ] 
René 100.................... 08 6] 95 15 3 5. 005 42 0.06. 1v 
TRW-NASA УТА. ыз м 6 75 2 s 0.02 1 6 0.13 04 Hf. 0.5 Nb, 0.5 Re. 9 Ta 
Udimet 500... es OL 33 18 7 4 2 3 3 E 
Udimet 700..... sve Del 53.5 15 18.5 525 425 — 003 38 
Grades HW50(c), HWid),..... 0.55 6 12 25 U 2.5 max Si 
Grades HXSO(c), HX(d). ...... 0,55 66 17 4 2.5 max Si 


(i) B-1900 + HF also contains 1.5% Hf. th) MAR-M 200 + Hf also contains 1.5% Hf, tc) Alloy Casting Institute (ACI) designation per American Society for Testing und Materials (ASTM) specification A608, 


1d) ACI designation per ASTM specification A297 





Table 3 Compositions of cobalt-base heat-resistant casting alloys covered in this arti 











— Nominal composition, % 

















Alloy designation c Co Cr м al в Fe Ta w ue Others 
AiResist 13 0.45 62 21 - 34 - : 2 п - ШЕ 
AiResist 215 vx 035 63 19 05 43 . 0.5 7.5 45 91 Oy 

Haynes 21... 025 64 27 3 ee je AE et 5 Мо 
MAR-M 302, 5K 215 ‘ 0.005 0. 9 10 02 vs 
MAR-M 3 sas. 10) 60.5 21.5 . 0.5 45 9 2 075 Ti 
MARM 509................. 06 54.5 23.5 10 35 1 08 02Ti 

NASA Co-W-Re. isses 040 $7.5 3 el 25 | 2 Re. 1 Ti 
WIS... ә 63.5 2! : 2 n" tes 2Nb Та 
X-40 . 57.5 2 w : 1.5 15 ` 0.5 Mn. 0.5 Si 








Table 4 Compositions of iron-base heat-resistant casting alloys covered 


in this article 























ACE UNS I = Composition, (b) 
designation — number ASTM specificationsta] c €r N Si imi] 
HC 192605 A297, A608 0.50 max — 26-30 4 max 

HD J93005 А297, A608... 0.50 max 26-30 47 

НЕ J93403 — A297, A608. + 0,20-0.50 pan 

HF J92603 А297, A608. 0.20-0.40 9-12 

HH 293503 А297, ABB... 0.20-0.50 11-14 

HI 294003 A207. А567. A608 + 0.20-0.50. 14-18 

HK 294224 A297. A351. А567, A608.. 0.20-0.60 18-22 

HI J94604 А297. А60Ҝ......... > 0.20-0.60 18-22 

HN J94213 А297. A608.. 0.20-0.50 23-27 

HP A297 em 0.35-0.75 33-37 

HT J94605 A297, AXI. А567. A608 0.35-0.75 33-37 

HU : A297, A608 sais 0,35-0.75 37-41 


(a) ASTM designations are the same as ACI designations, (by Rem Fe in all composi 
1% Tor HC. LS for HD, and 2% for the other alloys. Phosphorus and sulfur content 








ons. Manganese content: 0.35 to 0.65% for HA. 
0.04% max for all but HP-SOWZ. Molybdenum 





ts intentionally added only to HA, which has 0.90 to 1.20% Mo: maximum for other alloys is set at 0.5% Mo. HH also contains 0.2% 


тах М 





because of the difficulty and expense in- 
volved in machining the heat-resistant al- 
loys. 

In discussing the machining of heat-resis- 
tant alloys, this article classifies the alloys 
into groups (Table 6) that are used in pre- 
senting the nominal feeds and speeds for 
traditional machining proce: The sec- 
tion "Nontraditional Machining Processes" 
in this Volume discusses several other m: 
chining methods that are useful with diffi- 
cult-to-machine materials such as heat-re- 
sistant alloys. 











Machinin: 


Heat-resistant alloys are difficult to ma- 
chine because of the very characteristics that 
make them good high-temperature materials. 
The iron-base alloys, some of which can be 
properly designated as stainless steels (Table 
7), usually machine more easily than the 
nickel-base and cobalt-base alloys under sim- 
ilar conditions of heat treatment. However, 
the iron-base alloys do present chip-breaking 
and disposal problems, which often require 
special tool geometries. 


Comparisons 








ase and cobalt-base alloys 
have several characteristics in common that 
contribute to difficulty in machining cost. 
These characteristics are: 


* High shear strength, which causes high 
forces at the cutting edges of tools 

* High capacity for work hardening 

* Presence of hard, abrasive intermetallic 
compounds in the microstructure 

* Low thermal conductivity, resulting in 
heat concentration in the cutting area 


The mechanically alloyed products are 
included in the best-fit generic groups of 
Table 6. The YO, dispersion has no signif- 
icant effect on machinability. and the me- 
chanically alloyed products can be ma- 
chined by practices appropriate for wrought 
alloys of similar composition and hardness. 
Alloy MA 754 (277 HB) appears to have 
better machining characteristics than In- 
conel 718 and A-286, but not as good as the 
410 stainless steels. Alloy MA 956 (270 HB) 
appears to have better machining character- 
istics than alloy MA 754, comparable to 410 
stainless steel, but not as good as conven- 
tional ferritic nless steels. The machin- 
ing characteristics of alloy MA 6000 (450 
HB) appear similar to those of Udimet 700, 
but the alloy is listed in the Ni-Wrt 3 group 
for preliminary consideration of speeds and 
feeds. 
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"n Hardness, Cutting speed, sfm 
Table 5 Composition (wt%) of mechanically alloyed products быы Hs a $e MW 
| — Composition, wt + René 41 365 f | 
Alloy NO e б о о молт Та w юы y " Udita a» B 
Inconel MA 754 rem % 03 Q5 se res eer nm r Inconel 700 302 B | 
Inconel MA 6000. rem Is 45 25 20 40 20 05 0.01 11 | D-6ac 56 HRC [2 
Incoloy MA 956. rm 20 45 05 ~ 2 ке лән omm 0.5 Tungsten, 
93% density 260 9 
90 Ta-10W 220 [3 
Table 6 Group designations used іп Table 7 Wrought heat-resistant Ua ru m EX 
tables of nominal feeds and speeds stainless steels A-286 320 
Groupia Alloys Designation Суван | 77 pM Mine | 1/0 
Ni Wrt 1 Incoloy 901, Incoloy 903. Inconel 617. Ferriti jainless ste Tungsten, 
Inconel 625, Inconel 706, Inconel 405... 540500 96% density 320 
718, Inconel X-750. Inconel 751. 406 gy AED, D-31 {Nb} 207 
M252, Nimonic 75, Nimonic 80A. 409.. . 540900 4340 alloy steel 52 HRC 
Waspuloy, Inconel MA 754(b) 430 543000 TZM (Mo) 220 
Ni Wn 2 Astroloy IN-102, Inconel 700, 4 843400 Type 410 stainless 352 
Nimonic 90, Nimonic 95. René 41. 439... 543027 Type 302 stainless 170 
René 63, Udimet 500, Udimet 700. 18 SR. H - 4340 alloy steel 340 IM 
Udimet 710 18Cr-2Mo .. 0 60 120 180 
Ni Wa René 95, René 77, Inconel MA 446. г 44600 4 1 
6000) F-Brite 26-1 . 44627 GHing sped minim 
Ni Wrt 4 Hastelloy B. Hastelloy B 26-ITi i А 
Hastelloy C. Hastelloy C-276, 29Cr-4Mo . > d.c x DEN MS m fuma Aah hes 
Hastelloy 5, Hastelloy X. Inconel — Quenched-and-tempered martensitic stainless steels уер 
600, Inconel 601. Refractoloy 26, 403. m 540300 
à Ите 409 0 5100 ^ Table 8 Comparison of machining 
Ni Wrt 5 TD-nickel 416 541600 se 
Ni Cist |... Hastelloy В, Hastelloy C, ASTM 42... Sexe characteristics of PH 15-7 Mo (43 
A297 grades HW and НХ. ASTM H-6... t HRC) and A-286 (35 HRC) (relative 
A608 grades HWS0, HXS0 Moly Ascoloy to 4130 steel at 15 HRC as 100%) 
Ni Cast 2 B-1900, IN 100 (René 100). IN 738, Greck Ascoloy 
IN 792, Inconel 713C, Inconel 718. Jethete M-152 Rate of metal removal 
M252. МАВ-М200. MAR-M246, Almar 363 gine io SPA. 
René 80. TRW VI А. Udimet 500, 4M. әдрәс ‚ Sanon Operation тил. (АЕ 
U dimet 700 Precipitation-hardening martensitic stainless steels Fase ming rj ES 
Co Wrt. isse AiResist 213, Haynes 25 (1. 605). Custom 450 ‘i End milling... 95 — 250 
Haynes IRR, 1-1570, S-816 Custom 455 гайд milling... Lone 
Co Cast AiResist 13, AlResist 215, Haynes 21. 15-5 PH... SISS00 — Turning Days 
MAR-M302, MAR-M322, 17-4 PH SUA Threading. 
MAR-MS09, NASA Co-W-Re, PH 13-8 Mo a 513800 head. ил 410 
Wi Precipitation-hardening semiaustenitic stainless steels gand sawing... sss. 37 — 286 
e A286. Discaloy, Incoloy 800, Incoloy АМ-350 535000 — Drilling, 6 mm (V4 in.) diam 42 36 
SOL, Incoloy 802, N-ISS, V-57. AM-355. S35500 — Drilling, 13 mm (Ys in.) diam «a T 71 
W-S45, 1625-6, 19-9DL. Incoloy 17-7 PH. ss S17700  Reaming. 6 mm ("А in.) diam ..- R109 
MA 95616) à PH 15-7 Mo = 50515700 Reaming, 13 mm (^ in.) Фат. V4 224 
ASTM A297 grade HC Austenitic stainless steels Tapping, 6710 mm (4-28 in.) 
ASTM 3S1 grades HK-30, HK-40, on с. ее 98 — 152 
j Tapping, 13-500 mm (15-20 in.) 
ASTM A207 grades HD, HE. HF. 304N pin 2 n) 
HH. HI. HK. HL, HN, HP, HT 309 Average, all operations... ‚1825 
HU; ASTM A608 grades HDSO, MO. 531000 
HE3S, HP30, HH30, HH33, HBS, 316. 531600 
HK30. HK40, HL30. HL40. HN40. — 3l6L - 1 531603 А i 
HT50, HUSO 3I6N .. 531651 тее 9 compar ison of ee 
" 317 S31700 characteristics of Inconel X-7. 
(a) Ni Wit, nigkel-huse wrought alloy: Ni Cast, піск 
соти alloy Eo Was уке “rough alloy, Ca on 2 $3210 НВС), Haynes 25 (24 HRC), and 
cobalt-base casting alloy: Fe Wri. iron-hase wrought alloy. Fe 347.. В 5 " 
Cant iron bose casting alloy. (OY Inthe Мел om speeds and — 19.9 DX . A-286 (35 HRC) (relative to 4130 
feeds, the mechanically alloyed products are sometimes listed рэ steel at 15 HRC as 100%) 





separately, Otherwise the grouping and hardness of the mechan 
ically alloyed products provides nominal feeds and speeds. 





The relative machinability of several 
heat-resistant alloys, stainless steels, re- 
fractory metals, and alloy steels is com- 
pared in Fig. | in terms of cutting speed in 
face milling. For the alloy steels and most of 
the other metals. cutters with carbide in- 
serts were employed. For the nickel alloys. 
the speeds shown are based on cutters with 
high-speed steel inserts. The slowest speeds 
(~6 m/min, or 20 sfm) were required for the 
three nickel-base allo: even though the 
hardness of two of these was only slightly 
higher (and of one alloy, lower) than that of 
the 4340 stecl (340 HB, in this comparison). 














216 
2169...... 
Nitronic 32. 

Nitronic 33 

Nitronic 50... 
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which was milled at the highest speed 
shown, 160 m/min (525 sfm). 

In addition to the large variations in ma- 
chinability among different alloys, the same 
alloy will differ in its response to different 
machining operations. This is illustrated by 
Tables 8 and 9. 

In Table 8, the machinability of PH 15-7 
Mo and A-286, both precipitation-hardening 





Inconel rate 
of metal removal 
relative to 4130, % 




















Operation XJ80 нуз Аз 
Face milling 45 26 85 
End milling . - ‚114 102 25.0 
Straddle milling 1:6 96 11.5 
Turning. ... ргы уын OE DEOS 158) 
Threading, 32-300 mm (14-12 in.) 

thread .810 960 470 
Band sawing . . E 22.8 19.0 28.6 
Drilling, 6 mm (74 in.) diam 10.6 12.0 3.6 
Drilling. 13 mm (1 in.) diam. 93 9.4 7.1 
Reaming. 6 mm (% in.) diam, 71 157 209 
Reaming, 13 mm ('% in.) diam. 100 167 224 
Tapping, 6-710 mm (14-28 in.) 

thread ae — sy OD 74 15.2 
Tapping, 13-500 mm (4-20 in.) 

thread. . x эе илки ук, FAR THE 
Average, all operations -18.2 19.7 
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Table 10 Manufacturing time required to produce the same part from 
Hastelloy X, René 41, and HS-25, and for total production of each part 
(see Table 11 for manufacturing ratings) 








Production time per piece, hi — — 73] 














Part number Hastelloy X Rene 41 HS.25 1 
TR 116.5 126.0 4 1257.2 
27.0 393 250 1 913 
158 95 60 1 31.3 
112 10.0 15.8 4 1480 
13.0 10.5 BS 1 37.0 
70 13.0 1.5 1 31.8 
10.5 140 213 1 458 
46 73 53 5 860 
54 6з 46 4 65.2 
4d 73 61 4 700 
L6 E 20 5 27.0 
20.5 20.0 510 П 91.5 
18,0 25.0 19.5 П 62.5 
18.5 36.0 20.5 П 750 
229.0 316.5 328.1 м 2119.3 
iron-base alloys, is compared with that of 750), and cobalt-base (Haynes 25). Al- 


4130 steel, arbitrarily rated at 100% for each 
of the operations considered. The 4130 steel 
was heat treated to 15 HRC (tensile strength: 
700 MPa, or 100 ksi). The iron-base heat-re- 
sistant alloys were solution treated and aged 
1o 43 HRC (tensile strength: 1400 MPa, or 20) 
ksi) for РН 15-7 Mo and to 35 HRC (tensile 
strength: 1120 MPa, or 163 ksi) for A-286. 
As indicated in Table 8. the average rates 
of metal removal for the 2 heat-resistant 
alloys for the 12 machining operations are 
almost identical—18.25% for PH 15-7 Mo 
and 18.30% for A-286. Nevertheless, in 
comparing the ratings for specific machin- 
ing operations, several marked differences 
appear. For example, although the machin- 
ability ratings for both alloys are similar in 
face milling and straddle milling. PH 15-7 
Mo is approximately three times as difficult 
to machine as A-286 in end milling. Other 
marked differences are recorded for turn- 
ing, for drilling and reaming the smaller- 
diameter holes, and for tapping. 
Table 9 compares the machining с 
teristics of three widely used heat-resistant 
alloys representing the three alloy classes— 
iron-base (A-286), nickel-base (Inconel X- 

















though the average machinability ratings of 
the three alloys are closely similar, marked 
differences occur for several processes—for 
example, the threading, reaming, end mill- 
ing, and drilling of 6 mm (М in.) diam holes. 

Manufacturing Comparisons. Machin- 
ability ratings based om cutting speed or 
metal removal rate have limited utility. Rat- 
ings that permit estimations of machining 
costs and shop load for production schedul- 
ing are more useful. Such manufacturing 
ratings reflect the consideration of noncut- 
ting time as well as cutting time. Therefore, 
allowance is made for such time-consuming 
factors as tool changes and setup adjust- 
ments (to obtain the greater rigidity needed 
in machining a more difficult material). 

In a development program for an aero- 
space vehicle, simulated service tests were 
conducted on identical structural parts 
made from two nickel-base alloys (Hastcl- 
loy X and René 41) and a cobalt-base alloy 
(Haynes 25). Although the production of 
acceptable parts was the primary concern, 
the machining program afforded an oppor- 
tunity to compile comparative inform: 
on the three alloys. Milling predominate 


























Table 11 Manufacturing ratings 
for the alloys for which production 
time is given in Table 10 








velopment program Subsequent 
Po up manufacturing 
Alloy Time,h — Rating, % rating, % 
Hastelloy X $313 100 100 
René 41. 773.2 69 n 
HS-25 814.8 65 61 





the machining schedule, but enough drill- 
ing. single-point cutting, shaping. and abra- 
sive sawing operations were involved to 
provide a fair knowledge of the production 
capabilities of the three alloys in these op- 
erations. 

Fittings for assembling one body joint, 
one wing joint, and four wing-to-body joints 
were produced in 14 different shapes of 
various degrees of complexity (see illustra- 
tions in Table 10). In all, 102 pieces were 
machined, 34 of each of the three alloys, in 
approximately | man-year (2119 h) of man- 
ufacturing time. Table 10 analyzes produc- 
tion time per alloy for cach of the 14 part: 
Table 11 rates the three alloys on the basis 
of the development program and again on 
the basis of subsequent manufacturing 
experience with the same alloys. 











Turning 


Because the heat-resistant alloys retain 
most of their strength at cutting temperatures, 
morc heat is generated in the shear zone, and 
greater tool wear occurs for a given cutting 
speed, than with most other metals. More- 
over, because the cutting of heat-resistant 
alloys requires a larger force (about twice the 
force for cutting medium-carbon alloy steel in 
turning operations), tool geometry, tool 
strength, and/or rigidity of the toolholder are 
also important concerns. 

Carbide tools are usually used in turning 
heat-resistant alloys, although ceramic, 
coated carbide, cubic boron nitride (CBN), 
and high-speed steel (HSS) tools are also 
used. A grade containing about 94% 
WC and 6.0% Co is frequently selected for 
roughing. A C-3 grade is used in finishing. 

Standard carbide inserts with positive or 
negative rakes are suitable for the rough- 
ing and finishing of heat-resistant alloys. 
Negative rake tools, which depend on gen- 
erated heat to reduce the shear strength of 
the material, require a larger cutting force 
than positive rake tools. The cutting force 
with a standard negative rake insert is 
about 10% larger than that of a standard 
positive rake insert. 

For rough cutting, it is advantageous to 
use a “K” land. Such a tool will not cut as 
cleanly as a sharper-angled tool, but it is 
stronger at the cutting edge and will better 
withstand the knocks encountered in re- 
moving any rough surfaces. 
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results in o larger force and more notching. 


High-speed steel tools are seldom used 
in turning heat-resistant alloys, except for 
interrupted cuts. In such applications, high- 
speed steel tools are more practical than 
carbide tools because of their greater shock 
resistance. The general-purpose, highly al- 
loyed grades such as T15, M36, or M44 are 
usually selected despite higher cost. Tools 
of these grades have longer life than gener- 
al-purpose grades such as M2 or ТІ. The 
geometry of high-speed steel tools in the 
single-point turning of heat-resistant alloys 
typically consists of a 0° back rake angle, a 
10° side rake angle, and 5° relief angles (end 
and side clearance angles). 

Ceramic Tools. The careful application of 
ceramic tools can improve productivity by 
allowing higher cutting speeds in the turning 
of heat-resistant alloys. Speeds generally 
range from 150 to 200 m/min (500 to 700 
sfm) with feeds of about 80% those of 
carbide. 

Depth-of-cut notching is more pro- 
nounced when cutting heat-resistant alloys 
with ceramic tools because of the relatively 
low fracture toughness of ceramics and be- 
cause of the high-temperature strength of the 
heat-resistant alloys. The tougher ceramics 
(SiAION and SiC whisker reinforced А03) 
exhibit less depth-of-cut notching than 
Al,03-TiC ceramics. However, these 
tougher ceramics are not as chemically inert 
as the Al;Os-TiC ceramics (see the section 
"Properties" in the article "Ceramics" in this 
Volume), and they are more apt to react 
chemically with steel or cobalt-base work- 
pieces. Consequently, SiAION and SiC 
whisker reinforced Ai03 are more effective 
when cutting wrought nickel-base alloys. 
The cast nickel-base alloys, because of their 
grain structure, chip even the tougher ceram- 
ics. 

Depth-of-cut notching may also preclude 
the use of delicate geometries (such as 
triangles and diamond shapes). Round in- 
serts should be used whenever possible. 
Round inserts are inherently the strongest. 
although other shapes can be used when the 
depth of cut does not exceed about two- 
thirds the nose radius. Some of the tougher 













Increases in the lead by changing the direction of the feed. (a) A longer lead occurs in the approach on 
the left, but the push-away effect of this approach may not be feasible on thin sections. (b) A shorter leod 


ceramics are applicable in square styles and 
perform better in heavy cuts (where the 
notch is in a thicker cross section). 

When notching is a severe problem (pri- 
marily in rough cuts on forgings with sur- 
face scale), the lead angle and tool path are 
also important considerations. Longer lead 
angles reduce tool pressure, reduce work 
hardening. and improve surface finish. Fig- 
ure 2 shows how feeding the tool in the 
opposite direction changes the lead angle. 
The cutter path should also be carefully 
controlled so that chips wedged in the notch 
area do not put the insert in tension. The 
use of cutting fluids is also desirable when- 
ever practical. 

Roughing cuts of wrought nickel-base al- 
loys when scale and runout are present are 
best made with the tougher SiAION ceramics 
at approximately 150 m/min (500 sfm). Early 
experience with SiC whisker reinforced 
ALO, ceramics indicates an increase in 
toughness but a more severe notching prob- 
lem. Both of these ceramics also have a 
higher thermal shock resistance than AlO,- 
TiC ceramics, which thus promotes the use of 
cutting fluids. Semifinish and finish turning 
operations can tolerate less insert toughness 
and can be done with Al,O,-TiC ceramics. 

Coated carbides yield small increases in 
the metal removal rate when cutting the 
iron-base alloys. In general. metal removal 
rates can be increased only about 25%, and 
higher tool costs limit their application. 

Coated carbide tools have not yet been 
proved effective in significantly increasing 
the metal removal rates of fully aged nickel- 
base alloys. The limitation is the ability of 
the substrates to resist deformation at sub- 
stantially higher cutting temperatures, 
regardless of the coating materials used. 

Cubic boron nitride tools are used when 
turning the harder nickel-base (wrought and 
cast) and cobalt-base cast alloys. The article 
*'Ultrahard Tool Materials" in this Volume 
discusses CBN tools in more detail. 

Tool-holding devices must be given con- 
sideration equal to that of tool design when 
heat-resistant alloys are being turned. A 
fivefold difference in tool life could result 
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inches. 


Cutoff tool, holder, ond tool-setting gage 
used in plunge grooving. Dimension given in 


from variations in tool positioning. Holders 
designed for specific operations are de- 
scribed in the following two examples. 

Example 1: Mechanical Toolholder and 
Tool-Setting Gage for Plunge Cutting 
Tool. To reduce the time required for accu- 
rately positioning a brazed carbide tool used 
for the close-tolerance (0.25 mm, or 0.010 
in.. total) plunge grooving of a 6.4 mm 
(0.250 in.) wide A-286 weldment flange, the 
mechanical holder and tool illustrated in 
Fig. 3 (ordinarily used for cutting off) were 
employed. A tool-setting gage of the flush- 
pin type helped position the tool accurately. 
The ease of inserting the tools, together 
with the positive positioning afforded by the 
gage, resulted in a decrease of tool-setting 
time from 30 min per tool to less than 5 min 
per tool. Tool life also increased by 20% 
because of the mechanical toolholder. 

Example 2: Tool for Turning a Radius 
on Waspaloy Turbine Blades. A special 
tool and holder (Fig. 4a) were designed for 
turning a radius on turbine blades made of 
Waspaloy (32 to 38 HRC). The geometry of 
the tool, which was made of M3 or TI5 
high-speed steel, is given in Fig. 4(a). A 
special tool post functioned with a cam- 
actuated tool slide. To turn the radius, the 
blade was clamped at the serrated butt with 
a conforming-serration holder. After turn- 
ing, the surface finish was 2.0 to 2.5 pm (80 
to 100 pin.). 

Cutoff Tool. In cutting off Inconel 600 
tubing having a 75 mm (3 in.) diameter and 
а 9.5 mm (% in.) wall thickness, the cast 
cobalt-base alloy tool shown in Fig. 4(b) 
provided excellent surface finish and had a 
minimum life of 40 pieces per grind. The 
principal features of this tool are the 4° side 
relief on each side and the curved nose. The 
tool was used at a speed of 9 m/min (30 sfm) 
and a feed of 0.1 mm/rev (0.004 in./rev), 
along with a 1 to 20 mixture of soluble oil 
and water as the cutting fluid. 
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(b) Cast alloy tool for cutting off Inconel 600 tubing 


44. Tool and holder (a) to turn radius on blade. 
(b) Cutoff tool. Dimensions given in inches 


Fig. 


Machining of Heat-Resistant Alloys / 741 


Speeds and feeds for turning heat-resis- 
tant alloys with high-speed steel and carbide 
box or single-point tools are given in Tables 
12 and 13. Speeds and feeds for typical 
applications of CBN and coated carbide 
tools are given in Table 14. Tool life usually 
increases as feed decreases. but both feed 
and depth of cut must be great enough to 
avoid glazing 

Cutting Fluid. Water-soluble oils in mix- 
tures of | part oil with 20 to 40 parts water 
are most frequently used in turning heat- 
resistant alloys. Water-base chemical emul- 
sions have also proved acceptable. Supply- 
ing a constant flood of. cutting fluid to thc 
cutting area is frequently more important 
than the composition of the fluid. 

Sulfurized or chlorinated cutting oils, ap- 
plied straight or diluted | to 1 with low- 
viscosity mineral oil, are used in some ap- 
plications. Diluting the cutting oil with 
mineral oil permits better mobility (and 
cooling) without seriously impairing the 








properties of these chemically active oils, 
Active cutting oils are preferred to soluble 
oils when surface finishes are critical and 
when high-speed steel cutting tools are be- 
ing used. 

If sulfurized or chlorinated oil is used as a 
cutting fluid, the workpieces must be thor- 
oughly cleaned before heat treatment or 
high-temperature service. Serious damage 
to workpieces during heating cycles may 
result if any residue remain: 

Effect of Alloy Composition on Condi- 
tions for Turning. In general, when an alloy 
is more difficult to machine, the microstruc- 
ture has a greater impact on machinability, 
This is especially true for the nickel-base 
materia 











Boring and Trepanning 


Heat-resistant alloys are bored by meth- 
ods similar to those used for turning, al- 


Table 12 Nominal feeds and speeds for turning heat-resistant alloys with high-speed steel (HSS) and carbide 
























































box or single-point tools 
ГТ — Roughing speeds, minin say — — 3 

Alloy group Hardness, Carbide, Carbide, Г — — Finishing speeds, m/min (fmb) — —— —— | 
from Table 6 Condition нв HSS(e) brazedid) indexabled) нме) Carbide, brazedif) Carbide, indexableif) 
Ni Wrt 1... Annealed or solution treated 200-300 6 (20) 1508) (Sg) — IMg)(60Ng) E (25) 27 (90) 30 (100) 
Ni Wrt | ..... Solution treated and aged — 300-400 < (15) 13 (40g) 150) (5000) — ROS) 24 (80) 29 (985) 

i Wrt 2, ‘olution treated 5-300 3.6 (12) 12 (40) 17 658) sus) 21070) 24 (80) 

Wri 2 ..... Solution treated and aged 400 300) 110g) OSA 1508) (Sog) 6 (12) 30068) A08 

Ni Wri 3 ..... Solution treated 25-390 3.6012) 805) nas 515) 14 (45) 15 60) 
Ni Wri 3...., Solution treated and aged — 400-475 300) 600) 930) 3.6 (12) 12040) 14 (45) 
Ni Wri 4 Annealed or solution treated 140-220 6 (20) 21g) CON — 24) (KOK) KOS) 30 (100) 35 (115) 
Ni Wrt 4 Cold drawn or aged 240-310 s (15) 1208) AONE) 158) (SON) 6020) 24 (80) 27 (90) 
Ni Wrt 5.0... As-rolled 180-200 18¢h) (60Xh) S3) (1750) — 60g) QOO) — 30 (100) 84 (275) 90 (300) 
Ni Cast 1., М or cast and aged 200-375 3612) 1185 14 (45) 5015) 23 (75) 26 (85) 
Ni Cast 2...,. As-cast or cast and aged — 250-320 — 1.66) (12Ki) 930) I Gs) 5015) 14 (45) 18 (60) 
Ni Cast 2,,... Ascast or cast und aged 320425 3 CIOM) ROS) 900) 3.6 (12) 12 (40) 15 (80) 
Co Wrt Solution treated 150-230 6 (20) 14 (45) 17 65) 805 24 (80) 27 (90) 
Co Wrt 270-120 $5) 12 (40) 15 (50) 6 (20) 21 70) 24 (80) 
Co 220-290 360 1204o) 15) (50i) sus) 15 (50) 18 (60) 
Co Cast ...... tor cast and aged — 290-425 3.00) (10x) IO BSA 120K) (40k) — 302) 14 (45) 17 (55) 
Fe Wrt,....., Solution treated 180-30 11 (35) 30 (100) 37 (120) 1445) 49 (160) 58 (190) 
Fe Wrt....... Solution treated and aged — 250-320 — 9 (30) 26 (85) 30 (100) 12040) 44 (145) 52 (170) 
Fe Сам |..... Annealed 188-185 2М0ит) 75ND) 690) (225Хп) 76а) PSONN) Зот) (120) HOS(ONP) BOSNOND) 115(0/0р) (375)t0)p) 
Fe Cast 2..,.. Annealed or normalized 159-185 Six) SO) 530 (175XD ӨК) (2000) 24tokm) OXON)‘ kd) (27510) 9010) (300,10) 
Fe Cast 3.,.... Аксам! 190-210 Vm) (ONIN) 4640 (ISOD 50) (1750) 2Hokm) (Toom) бш (225)(0) тө) 2500) 
Ха) Depth of cut of 5 mm (0.2 in) and a feed rate of 0.25 mm/rev (0.01 in. rev) except for HSS tools (sce footr ^. (В) Depth of cut of 0.8 mm (0.03 in.) and a feed rate of 
0.13 mmvrev (0.005 in, fi äs specified in footnote (m); roughing speeds with HSS tools 
are with à depth of cu fi 
Premium hi 


1те), (h) Wi 
ОРО IR mmm/rev (0.007 in./rev]. (k) With а depth of cut of 
[m] М2 or M3 (54 or S5) high-speed steel tool. (m) C-6 (P30 
and a feed rate of 0.18 mmrev 10.007 in./revi. tp) © (PU. 





K20) carbide grade 
Ki) carbide grade. 










Table 13 Nominal speeds and feeds for single-point turning of mechanically alloyed heat-resistant products 





























T Carbide tool 
Workpiece material und [ — HSS tools 3r Speed, mimin (sfm) — — Tool material 
hardness, HE Depth of cut, min din.) “Speed, mimin (sim) Feed, пивт баев) ‘Toot material!’ Brany Indexable Feed, mmirey (in./rev) prade 
Alloy MA 754, 
277 HB 6.5 (0.250) 3.5-5.5 (12-18) 0.25 (0.010) 9-12 (30-40) 12-18 (40-60) 0.25 (0.010) 
13 (0.050) 4.5-6 (15-20) 0.20 (0.008) (40-50) 15-30 (50-100) 0.20 (0.008) 
Alloy МА 956, 
270 HB. 6.5 (0.250) 12-15 (40-50) 0.75 (0.030) 53-69 (175-225) 61-76 (200-250) 0.5 (0.020) C6 
1.3 (0.050) 18-21 (60-70) 0.25 (0.010) 69-84 (225-275) 76-91 (250-300) 0.2 (0.008) C8 
Alloy MA 6000, 
450 HB... +) 1.25-2.5 (005-0. 1) 3-45 00-15) 0.1-0.3 (0.004-0.012) T-I5.— 8-15 (25-50) уза (0-60) — 0.1-0.3(0.002-0.02) — C2 
9125-025 (0.005-0.01) 3-4.5 (10-15) 0.08-0.15 (0.003-0.006) M-36 BIS 025-50) 9-18 (30-60) 0.08-0.15(0.003-0000)— C2 
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Table 14 Nominal speeds and feeds for single-point turning of heat-resistant alloys wi h CBN and coated 


carbide tools 


























Г Roughing speeds 1 1 Finishing speeds 
CBN tool) Coated carbideibi CBN tool) Coated cartidetd) 
Alloy group from Table 6 Alloy condi mimin E mimin sim mimin sim m/min sim 
Ni Wrt | Solution treated and aged 135 450 185 600 

Ni Wr 2... Solution treated and aged 120 400 185 Ө 

Мп 3........ Solution treated and aged 120 400 = 185 600 

Ni Сам 2.,..... Ах-сам or cast and aged 120 40 185 600 ' 
Со Сан! ...... As-cast or cast and aged 120 400 : 185 600 9 

Fe Cast 1 Annealed - ee 1006) эзме) MSID 4750 
Fe Cast 2 . Annealed or normalized - 76 250 ns 375 
Fe Cast à Asccast ө 225 100 325 





(а) With a depth of cut of 5 mm 40.2 in.) and a feed rate oL 0.13 mavrev (6.005 in./rev). (b) C 
tut 0.8 mm (0.03 in.) and a feed rate of 0.075 mavrev (0,003 осу). Ч) CC-3 grade with а depth of cut of 1 mm (0.04 in.) und a feed rate of 0.18 mm'rev 








2 grade with a depth of cut of mm (0.3 in.) and a feed 


se of 0.5 mmírev (0.02 in fre), (c) With a depth of 
10.007 in.irev). (eb CC grade. (f) CC-7 grade. 








Table 15 Nominal feeds and speeds for boring heat-resistant alloys with HSS and carbide tools 













































мө [— 11 Finish boring’) | 
Alloy group from hardness, HSS, Carhide, indexable. HSS, Carbide, brazed, Carbide, indexable, 
Table 6 Cundition HB min (fmc) mimin (Ааа) mimin (бте mimin (Мтне) mimin (кіт) 
Ni Wrt 1 . Annealed or solution treated 200-300 3 (10) 12 (40) 1445) 805 2000 26 (85) 
Ni Wrt | ...... Solution treated and aged — 300-400 3 (10) "os 12 (40 (25) 20 (65) 24 (80) 
Ni Wrt 2 ...... Solution treated 2w30 20) »G0) 1105) 515) 18 (60) 21070) 
Ni Wre 2 Solution treated and aged 300-400 1.5 (5) 900) 165 sas 18 (60) 2308 
Ni Wrt 3 ....,. Solution treated 275-390 L8 (6) 6020) 8 (25) 4.6 (12) 12 (40) 14 (45) 
Ni Wrt 3. Solution treated and aged — 400-475 1.5 (5) sus 6 (20) 3.10) nos 12040) 
Ni Wrt 4 ...... Annealed or solution treated 140-220 3 (10) 12 040) 15 (50) 8 (25) 26 (88) 30 (100) 
Ni Wrt 4 ...... Cold drawn or aged 240-30 2.4 (8) 9030) 11 (35) 620) 18 (60) 21(70) 
NiWrt 5. Ascrolled 180-200 15 (50) 50 (165) 59 (95) 29 (95) 67 (220) 79 (260) 
Ni Cast 1....... As-cust or cast and aged 200375 20 9 (30) M G5) 5 (15) 15 (50) 18 (60) 
Ni Cast 2.,,... As-cust or cast and aged 250-320 20) sas 600 5 (15) 12 040) 15 (50) 
Ni Cast 2...... As-cast or cast and aged 320-425 1.515) 300 sas 3602) 12 (40) 14 45) 
Co Wit. Solution treated 180-230 3000 900 nos 825) 18 (60) 21 (70) 
Co Writ. Solution treated and aged 270-320 2 (7) 900 11 (35) 6 Q0) 15 (50) 18 (60) 
Co Cast Ах-сам or cast and aged 220-20) L8 (6) sus 6 (20) sus 12 (40) 15 (50) 
Co Сам ....... As-vust or cast and aged 290-425 1.50 (SKD si asm. 600 (20и) 3.6 (12) 9 030) 11 (35) 
Fe Wrt. ,...... Solution treated 180-230 5 (15) 2100 26 (85) 14 (48) 40 (130) 47 (155) 
Fe Wrt........ Solution treated and aged — 250-320 3 (10) 18 (60) 21070) 12 (40) 38 (125) 44 045) 
Fe Cast 1...... Annealed 129-185 24()d) (ROXgKh) SR (IINR) EXHI) SACI) 3796) AMME) BANK) (2756) — 10040 (3259602 
Fe Cast 2...... Annealed or normalized 138-165 15¢gX(h) (SOXgXh). 44(h) (1453h) 53h) (1754) 246) (HOMME) — 676) (22006) 796 1260) 
Fe Cast 3....., Asccast 160-210. l4(gkh) (45)(0(h). 38h) (125)08) 46h) (10Xh) 2G) (70и) 580) (1900) 69) (22500) 











ш Depth of cut of 2.5 mm (0.1 in a 
as specified in footnotes. (c) Any pre 








d а feed rale of 0.15 mmirev (0.006 
jum high-speed steel 115. МЭЭ, M4I-M4T, or S9. S10. SII, 
Steel. th) With à feed rute of 0.3 mnvrev (0.012 in.irev). (i) Grade C-6 carbide tool. G} With a feed rate of 0.075 mmirev (0.003 in.ircv), 1k} Grade C-8 carbide tool. Source: 





otes. (b) Depth of cut of 0. 





vi excepi as specified in foo 
12. d 








fe C-2. (e) Grade C-3. (f) With a feed rate of 0.10 mm/rev (0.004 in./rev), (g 


except 
speed 
Меи Research Associates Inc. 


m (001 in) and а feed rate of 0.08 mimirev (0482 inre 








Table 16 Nominal speeds and feeds for typical applications of CBN and coated carbide tools in the boring of 


heat-resistant alloys 























Rough boring speedstu; 1 [Finish boring speedsib 
Hardness, am CBN) =ч Coated carbide(d) - CIN — Coated carbidi 

Alloy group from ‘Table 6 Condition нв mimin sim mimin sim мо mimin sfm 
Ni Wit | 1 Solution treated and aged 300-400 120 400 : INS 600 
Ni Wrt 2... ‚ Solution treated and aged 300-400 120 400 : 185 өю 
Ni Wr 3. 1... Solution treated and aged 400-475 120 400 185 600 ve : 
Ni Cast 2... As-cust or cast and aged 320-425 120 400 185 600 . . 
Co Сам..... enn As-cast or cast and aged 290-425 120 400 mg 185 өю 4 i: 
Fe Cast | .. . Annealed 135-185 - т ие) 300c) 1200) 400) 
Fe Cast 2. Annealed or normalized 135-185 : 600) 210) 1000) 325¢h) 
Fe Cast 3 LAscust 160-210 - ee ET 190g) КО 2800) 





а) Depth of cut of 2.5 mm 40.10 in.) (b) Depth of cut of 0.25 mm (0.010 in.) and a feed rate of 0.075 mmirev (0,003 in. rev). (c) Wit 
ic, irevh. te) Carbide grade CC-6 (CP20 or CK. (D Carbide grade CC-8 (CPOL or CKOL). (g) Carbide grade CC-2 





a feed rate of 0.2 mmirey (0.008 in./rev). (d) With a feed rate of 0.9 mmirev (0.012 
‘K30 ar CM30). (h) Carbide grade CC-3 (СКИ or CM I0), Source: Metcut Research Associates 





though the speeds and feeds (Tables 15 and 
16) must be reduced in most cases because 
the same cooling and lubricating efficiency 
cannot be obtained as in cutting. In addi- 
tion, in boring operations, the cutting tool 
cannot be held as rigidly as in turning. 

The selection and application of tool ma- 
terials are similar to turning, but tool geom- 
etry varies. The end relief angle of boring 
tools must be varied inversely with the 
diameter being bored. 


Trepanning has not been extensively used 


as a method of machining heat-resistant 
alloys. although iron-base casting alloys 
have been trepanned in some application: 
Limited experience indicates that thc 
speeds, feeds, and tool materials suitable 
for boring are satisfactory for trepanning 
under similar conditions. Several cast alloys 
have been successfully trepanned in the 
as-cast condition (160 to 210 HB) with cut- 
ting tools made of M2 and T$ high-speed 














steels; speeds of 12 to 15 m/min (40 to 50 
sfm) and feeds of 0.13 mm/rev (0.005 in./ 
rev) were used. 


Planing has been done on some large 
heat-resistant alloy castings, but is seldom 
done on wrought heat-resistant products. 
Nominal speeds for the rough and finish 
planing of the casting alloys are given in 





Table 17 Nominal speeds for 
planing heat-resisting alloys 
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Table 18 Nominal speeds and rise per tooth for broaching heat-resistant 


alloys with HSS tools 










































Speed Alloy group from Hardness, Speed] — — 
Carbide | Тш» Condition im ема чи! 
pod dnd MEAE usse э NUWITI ‘Annealed or solution treated 200-300 24 * 
Ni Wr 1 1 Solution treated and used 300-400 n 6 
Rough planing(c) Ni Wrt 2 225-300 24 8 
Fe Cast | 160-210 9 30 58 190 NiWn2 ‚ Solution tre: d and aged 300-400 L8 6 
Fe Cast 2, Fe Ni Wit 3 . Solution treated 275-390 L8 6 
Cast 3 16-200 6 20 о зз 10 Ni Wr3- olution treated and aged 400475 e 
ind á Ni Wig... . Annealed or solution treated 140-220. 3 10 
Finish ріапіпкій) Cold drawn or aged 240-310 24 8 
Fe Cast | 160-210 l4 45 59 195 As-rolled 180-200 6) жь 
Fe Сам 2, Fe ‚ As-cast or cast and aged 200-375 24 8 
Cast 3. ёзю 8 25 % 150 NiCast2. As-cast or cast and aged 250-320 24 8 
uvas ment таайа аашкы “GES Г Ах-сам or cast and aged 320-425 їх 5 
fed 1S moveret ШО in алкен Depth alal Aam Co Wri» 7 Solution treated 180-230 24 4 
10,005 in.); feed, Ya the width of square-nose tool Solution treated and aged 270-320 L8 6 
111 As-cast or cast and aged 220-290 24 8 
. As-cast or cast and aged 290-425 Ls 6 
- lution treated 180-230 36 12 
Table 17. Workpieces are usually planed . Solution treated and aged 250-320 3 10 
without a cutting fluid, but synthetic emul- Е Annealed i) E ES mo 
5 "e Cast 2 . Annealed or normalizes ы (b) Stb) 
аш акт Den: Fe Cast 3 As-cast 160-210 Stb) 150) 


Shaping tools with +8° side rake, 0 to 3° 
back rake, 4 to 6" relief angle, and 1.1 to 1.5 
mm (0.045 to 0.060 in.) nose radius are 
suitable for heat-resistant alloys. Ram 
speeds must be slo: to 4 m/min (7 to 13 
sfm) is optimum, using a feed of 0.5 to 0.75 
mm/stroke (0.020 to 0.030 in./stroke) for 
roughing and 0.25 to 0.40 mm/stroke (0.010 
to 0.015 in./stroke) for finishing. Depths of 
cut range from 1.3 to 2.5 mm (0.050 to 0.100 
in.) for roughing and 0.4 to 0.75 mm (0.015 
to 0.030 in.) for finishing. Sulfur-free chlori- 
nated oil applied with a brush is recom- 
mended for use as a cutting fluid in shaping. 








Although broaching is one of the more 
difficult machining operations, it is extensive- 
ly used on heat-resistant alloys because it is 
often the only practical method of machining 
the complex contours of blades, wheels, and 
related components of gas turbines. The suc- 
cessful broaching of heat-resistant alloys re- 
quires careful consideration of broach design. 
broach material, and technique. The follow- 
ing points should be emphasized: 





© Broach design that provides ample clear- 
ance for swarf 

© Good rigidity of the machine and work 
combined with adequate power 

@ Avoidance of the tool edge rubbing 
against the workpiece 

* Careful selection of cutting oil 


Broach Design. Face (hook) angle, back 
angle. and gullet shape are important be- 
cause of the behavior of heat-resistant al- 
loys in shearing and chip formation. The use 
of short, replaceable broach inserts can 
provide cost savings as well as better con- 
trol of surface finish and accuracy. 

The pitch of the teeth should be approx- 
imately 25% more than that for broaching 
plain-carbon and low-alloy steels in order to 
provide the necessary greater chip clear- 
ance. The large pitch also decreases the 








(a) With any premium HSS (TIS, M33. M4I-M4T. or 59. S10. 5 
tooth), (6) With M2 or M7 (S4 or $2) HSS broach und 














1, S12) brouch and а chip loud (rise per tooth) of 0.05 mmitooth (0,002 
ip load of 0075 mmvtooth 40.008 іп. Лоо, (c) With M2 or M7 (54 or 82) 
HSS brouch and a chip load of 0.008 maviooth (0.007 m tooth, Source: Metcut Research Associates Inc. 





total load by reducing the number of teeth in 
engagement. For the same desired chip 
thickness, it is therefore necessary to usc 
longer broaches or more broaches to a set. 
The front cutting angle (rake) can be in- 
creased by a maximum of 15°, promoting a 
freer chip flow and minimizing the work- 
hardening tendency. Rubbing contact 
should be avoided by providing as large a 
relief angle as possible. consistent with tool 
strength and support for the cutting edge. 

In producing gas-turbine components, a 
change in work metal is sometimes neces- 
sary. Such a change may require revisions 
in broach design. Examples 7 and 8 in this 
article describe operations in which broach 
design was altered because of a change in 
work metal. 

Broach Material. High-speed steel is usu- 
ally used for broaching heat-resistant al- 
loys. The selection of solid broaches versus 
those with inserted cutting edges depends 
on the size and design of the broach and on 
cost. Cost is usually the deciding factor. In 
many applications (particularly when large 
broaches are being used), cost can be de- 
creased by using high-speed steel inserts in 
an alloy steel body. Assuming that the other 
factors are constant, whether broaches are 
solid or have inserts will not influence 
broach performance. 

The more highly alloyed grades of high- 
speed steel, such as T4, T5, and T6, are 
generally superior in terms of broach wear 
and life. Although acceptable results can be 
obtained with an M2 broach for some appli- 
cations involving iron-base heat-resistant 
alloys (such as A-286), M3 (class 2) broach- 
es are near the minimum in alloy content 
(only slightly higher than general-purpose 
grades) usually considered suitable for 
broaching heat-resistant alloys. 











Speed and Rise Per Tooth. Nominal 
speeds for broaching different groups of 
heat-resistant alloys are given in Table 18. 
These values are based on the use of T15 
broaches (with four exceptions noted in the 
table) and sulfurized or sulfochlorinated oil 
as the cutting fluid. The speeds shown in 
Table 18 are conservative, particularly for 
the iron-base alloys. In many applications, 
speeds of 3 to 5 m/min (10 to 18 sfm) will 
provide eptable results when broaching 
the iron-base alloys. Common practice is to 
use a speed near the high side of the range 
for roughing and then to finish at a lower 
speed. 

To obtain acceptable tool life when 
broaching the nickel-base and cobalt-base 
alloys, lower speeds are necess: to3 
m/min (5 to 10 sfm) has proved satisfactory 
for broaching most of these alloys. For 
example, René 41 (one of the most difficult- 
to-broach alloys) is successfully broached 
at 1.8 to 2.4 m/min (6 to 8 sfm); common 
practice is to rough and finish broach at the 
same low speed. 

The nominal rise per tooth (chip load) for 
broaching heat-resistant alloys is included 
in Table 18: the values tabulated are con- 
servalive. For rough broaching, values of 
chip load up to 0.13 mm/tooth (0.005 in./ 
tooth) are often used. For the finishing 
operation, 0.01 to 0.025 mm/tooth (0.0005 to 
0.001 in./tooth) is not uncommon. A rise of 
less than 0.01 mm/tooth (0.0005 in./tooth) is 
not recommended, because the broach is 
likely to burnish rather than cut. Burnishing 
causes variations in the work metal finish 
and excessive broach wear. 

Cutting Fluid. The main difficulty in 
broaching superalloys usually lies in a fu- 
sion buildup on the tip of the tooth and 
consequent rapid wearing of the edges. A 
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Table 19 Details and results of changes in design of broach for spline 
broaching turbine wheels made of 16-25-6 alloy 


Length of cut was 30.2 to 46.9 mm (1.189 to 1.846 in.). 





Brouch 











change No. Jtem Original design. Improved design 
1@а).......... Face angle, degrees 15 18 

Xb). ‚ Tooth pitch, mm (in.) 13-16 (14%) 14. 15, 12 (Vin, Az, Waach 
3d)... Length of teeth, mm (in.) 3.2 (0.125) 4.0 (0.156) 

Aie). . Gullet radius, mm (in.) 4.0 C^» 4.0 (Ya) 

бе. Tooth depth. mm (in.) 6.3 (0.250) 

6. Backoff clearance, outside diameter. degrees 1 

76). . Number of roughing teeth » 43 (2° backoff) 

Big). ‚ Number of semifinishing teeth n 42(2* backoff) 

Ke)... Number of finishing teeth 6 61% backoff) 

10h) .. Length of broach, mm (in.) 1500 (59.0) 1650 (65.0) 

"o. Sides of teeth relieved up to 0.8 mm (^: in.) Eee 1 = Ye backoffüc) 


of top of teeth, degrees 


(a) Enabled bar to cut freely und provided efficient chip curl. (b) Eliminated harmonic rings. (c) Roughing. vemifinishing. 
respectively. (d) Increased life of teeth; te) No change. (0 Reduced drag und gall on broach, g) Increased numberof teet 
per tooth, (h) Used full stroke of machine and improved broach design. () El 


spline teeth up sharp Спо land) 


Wd finishing. 
: reduced rise 
iminated all galling and tears, (k) Full form on sides of all 











good cutting fluid can help considerably. By 
rapidly wetting the surfaces in contact, the 
cutting fluid inhibits welding between thc 
chip and the tool edge. 

A flood of sulfochlorinated oil over the 
area being broached preferred and in 
most applications is mandatory for accept- 
able results. In some applications, cutting 
fluids similar to thread cutting oil have been 
used successfully, but the use of such fluids 
is usually a compromise, especially when 
broaching nickel-base or cobalt-base alloys 
In the application described in Example 3, a 
change to sulfochlorinated oil improved re- 
sults in broaching alloy 16-25-6 (ordinarily 
one of the easier-to-broach heat-resistant 
alloys). 

Oils containing about 1% active sulfur, 
along with chlorine and synthetic additions, 
are often used. A plentiful supply of cutting 
fluid in the area being broached is of equal, 
if not greater, importance than fluid compo- 
sition. Preferably, cutting fluid is supplied 
under pressure up to about 35 kPa (5 psi). 
To obtain the viscosity required for use in 
pressure systems, the cutting oil can be 
diluted with plain mineral oil. A mixture of 
one part concentrated cutting oil and one 
part mineral oil has lower viscosity than 
concentrated cutting oil and is adequate for 
most applications. Cutting fluids with vis- 
cosity higher than 300 SUS are not recom- 
mended for broaching. Thorough cleaning 
of workpieces broached with chemically 
active oils (sulfurized or chlorinated) is ex- 
tremely important before heat treating or 
high-temperature service in order to pre- 
vent damage to the workpiece. 

Tool modifications that improved results 
in broaching specific alloys and contours 
are described in the following six examples. 
Several of these examples describe the 
broaching of fir-tree slots in turbine blades. 
However, it is worth noting that fir-tree 
slots in MA6000 turbine blades have been 
sati: torily cut by wire electrodischarge 
machining followed by abrasive grinding. 











Example 3: Original and Improved 
Tool Designs for Broaching Splines in 16- 
25-6 Turbine Wheels. In broaching splines 
in turbine wheels of 16-25-6 alloy (32 to 36 
HRC), a change of broach design, broach 
material, and type of cutting fluid resulted 
in a savings of 67% in broach co: nd 576 
man-hours per year. In addition, galling, 
tearing, and undesirable tapering of splines 
were completely eliminated. Table 19 lists 
the changes made in broach design, and the 
footnotes indicate the improvement 
achieved by each change. 

As broach material, T15 (66 to 68 HRC) 
was substituted for M3 because T15 per- 
formed more satisfactorily over a wide 
range of tool hardness. Because the heavy- 
duty, high-sulfur thread cutting oil that had 
been originally used resulted in excessive 
burning, galling, and buildup and welding of 
chips, a cutting fluid composed of mineral 
oil with 1% active sulfur, chlorine, and 
synthetic additions was substituted. The 
defects were eliminated with this cutting 
fluid. 

With these changes and the changes in 
broach design listed in Table 19, a greater 
number of pieces could be broached per 
tool sharpening. Thus, the number of set- 
ups, as well as setup certifications, was 
reduced, saving a total of 576 man-hours per 
year. 

Example 4: Redesign of Tool for 
Broaching Incoloy 901 Turbine Wheels. 
Poor surface finish. severe galling in critical 
areas, and excessive tool wear were en- 
countered in broaching Incoloy 90] turbine 
wheels (255 HB min) with a conventional 
broach made of T5 (64 to 66 HRC). Broach- 
ing was required to form 52 two-branch 
fir-tree contours in a wheel 578 mm (22.750 
in.) in outside diameter by 41 mm (1.600 in.) 
thick. The angle of broaching was 19° 30’. 

On the original broach, the teeth had a 13 
mm (0.500 in.) pitch, a 15* face angle, and a 
2° backoff clearance angle. Finishing teeth 
were full form and truncated. 














Table 20 Improved tool design for 
broaching a root form in turbine 
vanes made of X-40 











Brosch detail Original Improved 
Face angle, degrees ...... "—]| 12 
Backoff clearance, degrees...... 2 4 

Pitch, mm (in.) eem 74 0^3 8.7 093) 
Tooth depth. mm (in.). . 604) 4.8 (Mo) 
Shear angle. degrees ........... 5 45 

"Tool life. number of pieces per 

Ad ke 300 13 000 


setup 





An improved broach tooth more compat- 
ible with the cutting characteristics of the 
alloy solved the problem. In the new design, 
the face angle was increased to 18° and the 
backoff angle to 4°. Improved chip control 
enabled the full-form cutting to be post- 
poncd to the semifinishing stage, and final 
sizing could be done by inserted finishing 
teeth. The finishing teeth had a chip load 
(rise per tooth) of 0.018 to 0.0075 mm/tooth 
(0.0007 to 0.0003 in./tooth) and removed the 
final 0.13 mm (0.005 in.) of metal. Grade T5 
high-speed steel was used, and the cutting 
speed was 3.4 m/min (11 sfm). 

Example 5: Redesign of Tool for 
Broaching X-40 Turbine Vanes. Improve- 
ment in both tool life and surface finish was 
obtained in broaching the root form in X-40 
turbine vanes at low hardness (10 to 15 
HRC) when tools were altered to a large 
(45*) shear angle and a sharper positive face 
angle. For this soft cast alloy, chip forma- 
tion was a problem when a small (5°) shear 
angle was tried because of the probability of 
chipping the work at the exit of the cut. 
Details of the original and improved tools 
are given in Table 20. The changes in face 
angle and backoff clearance, and especially 
the increase in shear angle, almost com- 
pletely eliminated chipping. The productive 
life of the high-speed steel broach of the 
original design averaged 300 pieces per set- 
up. However, after the tooth profile was 
redesigned, the broach averaged 13 000 
pieces per setup. The operation utilized 
rigid fixturing, pressurized cutting fluid, and 
a horizontal broaching machine. 

Example 6: Redesigned Broach for N- 
155 Nezzle-Diaphragm Blades. Nozzle- 
diaphragm blades were fabricated from flat- 
rolled N-155 at 30 to 40 HRC. A form die 
was used for folding over the sheet to form 
a hollow blade. Following this operation, 
the open ends were welded, using an A-286 
welding rod. The blade face and weld area 
were broached to a smooth contour. The 
blade is illustrated in Fig. 5. 

Both the convex and concave sides of the 
blade were broached. Because the problems 
encountered with both sides were similar, 
only the broach used to cut the concave side 
will be considered. 

The broach originally used consisted of 
two sections, each 330 mm (13 in.) long and 
containing 48 teeth. All teeth were made 
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with full-form radii and 2° backoff angles. 
This broach was unsuccessful because the 
full-form radii did not permit the chips to 
curl, a condition that resulted in excessive 
weld buildup on the teeth, tooth breakage, 
and damaged work. Resharpening was re- 
quired after each 100 to 125 pieces. and the 
broach was scrapped after broaching only 
1800 piec: 

In a redesigned broach, the roughing 
teeth were changed from full-form radii to 
straight teeth cutting on both sides of center 
on all but the last five teeth. Thus, all but 
the last five teeth were used primarily for 
stock removal; the split-angle arrangement 
provided excellent chip control. The back- 
off clearance on all teeth was changed to 5°. 
Tooth details and tooth rise for the rede- 
signed broach are shown in Fig. 5. 

The new design provided free cutting 
action, with a minimum of weld buildup and 
tooth damage. From 350 to 600 blades could 
be broached before resharpening was re- 
quired. Total life of the broach was extend- 
ed to between 6000 and 9000 pic: 

The broach material was T15 steel (66 to 
68 HRC). The machine was a 915 mm (36 
in.) vertical broaching machine (11 kW, or 
15 hp, hydraulic ram), and the speed was 
3.7 m/min (12 sfm) for a cutting length of 100 
mm (4 in.). A cutting fluid consisting of 
mineral oil with 1% active sulfur and chlo- 
rine and synthetic additions was used. 
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Original design 


ger Two-angle gu et 











wt Firtree sor 
mproved ces gn 

Length Rise per 

Det of insert, Pitch, Land width, tooth, 

No. пит йа)  mmün) тт) mm n.) 

Roughing(a) 

m, BREE 12.7 3.96. 0.1 
(16.625) (0.500) (0.1560 (0.004) 

Ф -476.2 12.4 3.96 o1 
(18.750 40490) — (0.156) (0.004) 

3......4762 12.4 3.96 0.1 
(18.750) (0490) (0.1568) (0.004) 

4......428.6 12.4 3.96 9.1 
(16.875) (0.490) (0.156) (0.004) 

$5 422.2 123 3.96 0.1 
(16.625) (0.500) (0.156) (0.004) 

6... 876.2 124 3.96 0.1 
(18,750) (0490) (0.156) (0.005) 

7......462 124 3.96 01 
(18.750) (0.490) (0.1586) (0.000 

в... 4286 
(16.875) 

Semifinishing, 

Side cutting only, using detail No. 8 

Finishingic) 

1...... 4000 12.7 4.76 0.046 
(15.750) (0.500Xd) (0.1875) (0.0018Xd) 

18.0 12.7 0.015 
(@.710Ke) 00.500) (0.0006/с) 

2...... 4000 222 6.4 0.041 
015.750) (0.875/е) (0.25009) 00.0016) 

3...... 40.00 222 64 0.046 
(15.750) (0.875xe) (0.250Ke) (0.0018) 

4... 4000 222 64 0.05 
(05.250) (087546) 00.250) — (0.002) 


ta) Rough cutting with cight two-pass broach details: face angle 
was 107 plus 207, except for detail А (side cutting only?, where it 
was 155; backoff clearance was 2. (b) Alternate, (c) Detail |: top. 
cut, 13 teeth: side cut, 12 teeth. Details 2 and 3: side cut only 
Detail 4; side cut, 13 teeth: straight cut, 6 teeth; top cut, 6 teeth: 
0.005-1п. step on top radius. Face angle was IW" plus 20°, and 


buckoff clearance, 2°. (d) Top cut. (e) Side cut 

А Original broach design for broaching а 
Fig. б үе sion in 16-25-6 and redesign for 
broaching the same slot in A-286. Fir-tree slot is shown. 
at right. Table lists broach details for the improved 
design, Dimensions in figure given in inches 








Example 7: Redesign of Broach Be- 
cause of Change in Work Metal From 16- 
25-6 to A-286. In finish broaching fir-tree 
slots (internal broaching) in 50 mm (2 in.) 
thick, 453.5 mm (17.856 in.) diam turbine 
wheels made of 16-25-6 (235 to 293 HB), 
tool life was 4050 slots per regrind. Howev- 
er, tool life was reduced to only 38 slots 
when A-286 alloy (143 to 202 HB) was 
substituted as the turbine-wheel material, 
even though the same tooling setup was 
uscd as for broaching the 16-25-6 wheels. 

The short tool life was caused by the 
greater tendency of the chips of A-286 to 
weld and abrade the tooth face and cutting 
edge. This welding prevented succeeding 
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АЕ ршен dor gh Fir tree slot 


А Original broach design for broaching fir-tree 
Fig. 7 об turbine wheel made от A-286 ond 


redesign for broaching the same slot in René 41. Dimen- 
sions given in inches 


chips from sliding along the full face of the 
tooth and thus increased friction and heat. 
Teeth broke down at 0.9 to 1.3 mm (0.035 to 
0.050 in.) from the cutting edges. 

To extend tool life, the broach material 
was changed from M3 to T15. Only one 
wheel (54 slots) was broached with T15 
inserts, and the finish was poor because the 
chips welded to the cutting edges, again 
causing greater friction and heat, which in 
turn increased welding. 

By changing from a full-radius gullet to a 
two-angle gullet (Fig. 6) while retaining T15 
as the tool material, parts could be finish 
broached satisfactorily. The 18° face angle 
that had blended to a radius at the root of 
the gullet was changed to a combination of 
two angles, one of 18° and one of 20°. 
Redesigning the angles and radii of the T15 
broach inserts permitted chips to flow into 
the gullet with minimum welding on the 
tooth face and edges, and broach life was 
extended to 378 slots before resharpening 
was required. In addition, the surface finish 
of the turbine wheels was greatly improved 
because chips no longer interfered with the 
cutting edges but flowed away, curling neat- 
ly to clear the workpiece. Broach break- 
down was appreciably reduced. 

The two-angle design was also used to 
advantage in roughing in which a 10°/20° 
combination was used for all but the last 
roughing detail and the semifinish detail, 
which did not present a chip problem. 
Broach details are listed in the table accom- 
panying Fig. 6. 

Speed was 5.5 m/min (18 sfm) for rough- 
ing and semifinishing and for finishing detail 
1. For finishing details 2, 3, and 4, speed 
was 3.7 m/min (12 sfm). Cutting fluid was 
mineral oil with 1% active sulfur, chlorine, 
and synthetic additions. 

Example 8: Redesign of Broach Be- 
cause of Change in Work Metal From 
A-286 to René 41. Redesigning a broach 
by increasing pitch length and land width 
enabled the broaching of 7*2 times as many 
fir-tree slots (internal broaching) in René 41 
turbine wheels as with the conventional 
design. The wheels were first stage and 
second stage, requiring 119 and 109 slots, 
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Table 21 Typical range of hole sizes when drilling heat-resistant alloys with gun, twist, or oil-hole drills 


For holes larger than 50 mm (2 in.) in diameter, spade drills or trepanning tools are needed. 








— Range of nominal hole size — 



































| 
Alloy grou Hardness, —— Twist drills) Oil-hole drillsey— 
from Table 6 Condition нв = "E" is 
Ni Wet | Less. Annealed or solution treated 200-300 3 Dx 
Ni Wrt 1 E m Solution treated and aged 300-400 3-19 а 
Ni Wt 2........ 2 Solution treated 225-300 3-19 PEN 
Ni Wrt 2..,.. x ^... Solution treated and aged 300-400 3-19 мм 
Ni Wrt 3 .... Solution treated 275-390 3-49 (d) Ve Vat) 
Ni Wrt3 1... Solution treated and aged 400-475 3-19) жд) [Т 
Ni Wrt 4... 10000001 Annealed or solution treated 140-220 3-25 Yel Yelle 
Ni Wit 4L... esee. Cold drawn or aged 240-310 325 йе! s 
Ni Wrt 5 As-rolled 180-200 350 DEI 
Ni Cast | As-cast or cast and aged 200-375 3-19 pEr 
Ni Cast 2 Муса or cast and aged 250-320 E Wta 
Ni Cast 2 15.:.eeeessseses Асам! or cast and aged 320-425 o 
Co Wri... Solution treated 180-230 119 
Созуп... Solution treated and aged 270-320 
Co Cast. As-cast or cast and aged 220-290 3-38 
Co Cast As-cast or cast and aged 290-425 Иене) 
Fe Wrt Solution treated 180-230 Wels 
Fe Wri 2i. Solution treated and aged 250-320 [EU 
Fe Cast 1 + Annealed 135-185 
Fe Cast 2 1 Annealed or normalized 135-185 
Fe Cast 3 ‚ As-cast 160-210 
MA 754 ©) Mechanically alloyed 27 Vie 
MA 956 ‚ Mechanically alloyed 270 ЕГА 
МА 6000. . Mechanically alloyed 450 3-1740) иаа) 








(4) Single-flute carbide gun drill. ib) Н 
Associates Inc 








cl except as specified in footnotes. c) HSS or carbide drills except ах specified in footnotes, (d) Carbide twist drill. (e) Carbide drill only. Source: Meteut Research 





respectively, at an angle of 10° 52’, and they 
were 768 mm (30.250 in.) in diameter and 25 
mm (1 in.) thick. 

'The broach of the original conventional 
design had been used with reasonable suc- 
cess on similar parts made of A-286. How- 
ever, when it was tried on the René 41 
wheels using the same operating conditions 
as for A-286, only eight slots could be 
obtained per broach resharpening. Not only 
were tools being expended by wear and 
excessive grinding, but tooth breakout oc- 
curred after several grinds. 

The revised design, with stronger teeth, 
enabled the broaching of 60 or more slots 
per broach sharpening. Use of a backoff 
angle of only 1° for the full-form slot shown 
in Fig. 7 extended the life of a broach to 12 
or more sharpenings. Broaches were sharp- 
























































edge and could not be brushed off freely 
Broaches had smooth surfaces (0.25 рт. ог 
10 pin.), and teeth were ground to a sharp 
edge (no flat land). 

A broaching speed of 1.8 m/min (6 sfm) 
yielded the best results, and the machine 
used had sufficient capacity to provide 
smooth cutting at this low speed. Grade M2 
high-speed steel was an acceptable tool 
material if nitrided and oxide coated by 
steam, but best results were obtained using 








TIS (65 to 67 HRC). All tools made from 
TIS were tempered three times and were 
oxide coated after grinding. 





The heat-resistant alloys can be drilled 
by conventional drilling methods, but sev- 
eral nontraditional machining methods 
provide important alternatives because of 
the forces required in the conventional 
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lip relief ES V 
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Ls d] T Design 1 to 0° when notching Design 2 
Web 
thickness 0.015 web 
E Split to. 135° included 
uo Bot / A Š Ф 0.152 тт сһіѕе едзе Point angle T 
ко T А i А Ji Inconel X-750 
Split point | Notched point mono ger’ { С2 Oxide-treated surface 
Split to center a | ‘angie Ў ZA Tool Toot | C3 Nitrided case, 
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Notched, NS } 
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0 10 20 30 40 Design 3 Drill life per sharpening, holes 


Drill life per sharpening. holes 


Fi 8 Effect of drill-point design on life of T15 
9. 8 ii when drilling 7.87 mm (0.310 in.) deep 
holes in 20 mm (0.800 in.) thick Astroloy 


Fig. 9 Changes in dil design to improve tool life in hand drilling Inconel X-750, Graph shows effects on tool life. 
9. 9 дї drills were of screw-machine length, with a diometer of 2.5 mm (0.098 in.) and a flute helix angle of 


29^. Designs 1 and 2 had о web thickness of 0.5 mm (0. 


.020 in.) ond a 132" secondary cutting edge angle; design 


3 had a web thickness of 0.61 mm (0.024 in.) and с secondory cutting edge angle of 142°. 


Rake angle at periphery 
(helix angle) sometimes 
reduced by grinding 





clearance 
angle 


Outer lips created by 
natural face of flute. 


fecal fat on face (XX 
Ыы 


Helix angle 34-36" 








— inner lips created by 
thinning web with 
straight grinding 
wheel and forming 
faces A and 8 
Web thickness 35% ч 
of outside diameter. | 


Fig. ТО suggested grind of carbide twist drills when drilling heat-resistont alloys 


drilling of these alloys. Nontraditional 
drilling methods are particularly attractive 
when deep, small-diameter holes must be 
drilled in heat-resistant alloys. The articles 
"Electrostream and Capillary Drilling" 
and "Shaped Tube Electrolytic Machin- 
ing" in this Volume describe two nontra- 
ditional methods that are capable of drill- 
ing deep, small holes difficult- 
to-machine metals. 

When conventional drilling is employed. 
the high forces produced necessitate maxi- 
mum rigidity of the machine, tools. and 
setup. In terms of tool design, the most 
important single requirement is that the 
drills be as short and rigid as possible within. 
the limiting requirements of the workpiece 
and setup. 

The conventional drilling of heat-resistant 
alloys is performed with gun drills, twist 
drills, or oil-hole drills. Table 21 lists the 
typical applications of these drills in terms. 
of hole size and the various heat-resistant 
alloys. Gun drills have the largest range of 
hole size applications, while twist drills 
have the smallest range. Oil-hole drills are 
helpful in deep-hole drilling and can some- 
times achieve hole depths up to 30 diame- 
ters. 

















Table 22 Nominal speeds and the range of feeds for dri 


Twist Drills 


Stub-length screw-machine drills, type-C 
aircraft drills with accurately ground split 
points, rail drills, and extraheavy-web drills 
are recommended. These heavy-duty drills 
yield much better results than standard job- 
bers-length drills because of their greater 
rigidity. 

Drill Design. The crankshaft or split 
points, which are standard for type-C aircraft 
and heavy-web drills. are preferred for drill- 
ing all iron-base heat-resistant alloys harder 
than 400 HB and other heat-resistant alloys 
harder than 350 HB. Drills with standard 
chisel-edge points can be used for softer al- 
loys. 

Drill wear and life can be controlled to 
some extent by modifying the drill point. 
Chipping of drill corners can be reduced 
by decreasing the point angle, and severe 
wear at the point can be reduced by 
increasing the point angle to 135°. Exces- 
sive margin wear can be eliminated by 
using a dual-angle (118°/90°) lip. All drills 
should be machine ground to very close 
accuracy. A slight amount of runout or 
point eccentricity will greatly reduce drill 
life. The following two examples demon- 
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strate the importance of drill design in drill 
life. 

Example 9: Effect of Drill-Point Design 
оп Drill Life. Drills with split points were 
tested against drills with notched points to 
determine the effect of point design on drill 
life in drilling solution-treated and aged As- 
troloy (42 HRC). The web thickness of the 
split point was varied from none to 0.25 mm 
(0.010 in.). The service lives of three split 
points and of one notched point are plotted 
in Fig. 8. Of the split points, the least 
satisfactory results were obtained with a 
point split to center (no web thickness). 
Split-point designs with web thicknesses of 
0.1 to 0.25 mm (0.005 to 0.010 in.) exhibited 
longer service lives. However, a notched 
point, with a 0.4 mm (0.015 in.) web, yield- 
ed the best results. All drills had 135° point 
angles. Additional tests confirmed the find- 
ing that a 135° point angle is superior to 
118°. Clearance angles of 9 to 10° proved 
superior in supplementary tests to clearance 
angles of 7 to 8° and 11 to 12°. All drills were 
made of TI5 high-speed steel and were 
operated at 3.41 m/min (11.2 sfm) with a 
feed of 0.05 mm/rev (0.002 in./rev). Cutting 
fluid was a sulfochlorinated concentrate of 
mineral and fatty oil. 

Example 10: Effect of Drill Design on 
Cost of Drilling Inconel X-750. For lower 
drilling costs in hand drilling parts made of 
heat-treated Inconel Х-750 (36 to 38 HRC), 
changes in tool material and drill design 
were required. The workpieces ranged in 
thickness from 0.5 to 3.2 mm (0.020 to 0.125 
in.). and a speed of 3.90 m/min (12.8 sfm) 
was used with a 2.5 mm (0.098 in.) diam 
drill. No cutting fluid was used. 

The first drills tested were made of M34 
high-speed steel and had been developed 




















ing heat-resistant alloys with twist drills 































Range of nominal 
Allay group Hardness, — -— Speed hole size Range of feedia) 
from Table 6 Condition HB mín stim mm mmirev in.irev Tool material grade 
Ni Wrt be... ‘Annealed or solution treated — 200-300 6 20 3-19 0.05.1 0.002-0.004 (b) 
Ni Wri LL. --. Solution treated and aged 300-400 45 15 3-19 00501 0.002-0.004 (bi 
Ni Wr 2 ............... Solution treated 225-300 45 15 3-19 0.05-01 0002-0004 (6) 
ЭГЕЙ „к= Solution treated and aged 300-400 3.7 2 3-19 0.0501 0.002-0.004 (b) 
Ni Wrt 3 Solution treated 275-390 6 20 3-19 0.02 0.001-0.004 2 (KI0) carbide 
Ni Wrt3 Solution treated and aged 400-475 45 15 3-19 0.025-0. 0.001-0.004 — C-2 (K 10) carbide 
NiWrt4 Annealed or solution treated — 140-220 6 20 325 0.0501 00020004 M10, M7. MI (S2, 53) 
Ni Wrt4 .. - Cold drawn or aged 240-310 45 15 325 0.05-0.1 — 0.002-0.00 — MIO, M7, MI ( 
Ni Wrt 5 . As-rolled 180-200. 17 55 3-50 0.05-0.45 0002008 MIO. M7, MI (S2. $3) 
Ni Cast 1 ist ог cast and aged 200-375 1 5 319 0.05-0.1 0.002-0.004 (b) 
Ni Cast 2. st Or cast and aged 250-320 2 319 0.05-0.1 0.002-0.004 (b) 
Ni Cast 2 Asccast or cast and aged 320-425 4s 3-19 0.02501 0.001-0.004 — C-2 (K10) carbide 
Co Wrt. ‚ Solution treated 180-230. 6 3-19 0.0501 00020004 (b) 
Созуп. Solution treated and aged 270-320 45 3-19 005-01 0.002-0.004 (b) 
Co Cast As-cast or cast and aged 220-290 2 325 0.05-0.15 0.002-0.006 (hi 
Co Cast .. As-cast or cast and aged 290-425 45 3-19 0.02501  0.001-0.004 C-2 (K10) carbide 
Fe Wri... Solution treated 180-230. 8 0.05-0.25 — 0002000 (bi 
Fe Wrt Solution treated and aged 250-320 6 0.05-0.25 — 0.002-0.008. (b) 
Fe Cast 1. . Annealed 135-185 18 0.05-0.45 0002008 MIO, M7, MI (S2. 
Fe Cast 2... Annealed or normalized 135-185 15 50 005-045 01002-00018 MIO. M7. MI (S 
Fe Cast 3... As-cast 160-210 4 45 0.05-0.33 — 0.002-0.013 — MIO, M7. MI (52, 
MA 754, MA956 .. Mechanically alloyed 27.10 623 2075 0.025-0.13 0.001-0.005 (b) 
МА 754. MA9S6 Mechanically alloyed 27.20 — 2535 8-10 0.10-0.25.— 0.004-0.01 (b) 
MA 6000 Mechanically alloyed 450 8-12 0.10-0.28.— 0.004-0.01 C-2 (K10) carbide 





(а) Increases within the range occur as the nominal hole size is increased. (b) Any premium high-speed steel (TIS. M33, Má1- M47. or S9. S10. S11, S12). Source: Melcur Research Associates Inc. 
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Table 23 Reduction of speed and 
feed for drilling deep holes with 
twist drills 


Hole depth-to- 
diameter ratio 





Reduce speed 


Reduce feed 
by by. 


Feed. in. х 10 ? 


Feed, in. « 10 ? 








Fiiss - 0 10 


41 ss re 30 10 
51 23 20 
ot vate 35 x 
8:1 40 20 





under ideal conditions of rigid setup and 
positive feed, They performed satisfactorily 
under these conditions. These drills, how- 
ever, proved impractical when used for 
hand drilling operations, using light. limit- 
ed-production tooling. Brittleness of the 
tool material caused rapid deterioration of 
the drill, which, when coupled with the 
premium price of the special point (design 1, 
Fig. 9), resulted in tool costs that were 
prohibitive. 

A change to a type-C aircraft drill (design 
2, Fig. 9) made of MI steel liquid nitrided to 
a depth of 0.01 to 0.025 mm (0.0005 to 0.001 
in.) resulted in increased tool life and re- 
duced costs. In operating the new drills, if 
the drill point was split past center, as 
permitted by the specification, tool life 
would usually be greatly shortened, and the 
tool would chip just before it failed. Chip- 
ping would occur at the point of intersection 
of the secondary cutting edge and the flute 
face. 

These problems were overcome with the 
drill designated design 3 in Fig. 9. In this 
drill, the possibility of splitting past center 
was eliminated by the drill dimensions; the 
strength of the area that had chipped in the 
previous design was increased by enlarging 
the 132° secondary cutting edge angle to 
142°, and the web thickness was increased 
to improve the overall stability of the tool. 
The change in web thickness helped consid- 
erably to extend tool life. 

High-speed steel twist drills are used 
when drilling heat-resistant alloys. although 
carbide drills are mostly used in the aircraft 
engine industries. In many applications. 
twist drills made of the general-purpose 
grades have proved satisfactory. as judged 
by the number of holes drilled and by the 
initial cost of the drills and the cost of resharp- 
ening. The premium grades of high-speed 
steel, such as TIS, M33, or M36, are pre- 
ferred for drilling many of the heat-resistant 
alloys. and their use is often mandatory for 
obtaining acceptable drill life. The higher cost 
of the drills made from the more highly al- 
loyed high-speed steels (commonly about 
four times the cost of their general-purpose 
counterparts) and the higher cost of resharp- 
ening are often warranted by increased tool 
life. However, a new application can usually 
be started with drills made of a general- 
purpose high-speed steel, and a premium 
grade is then used only when the need for it 
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E = в 
z à 3 
3 е 
2 5 Е 
® È 
20 60 
Approximate 
maximum feed 
for each drill size 
180 [— — 40 
Approximate 
o—— maximum feed |_| 2 w = EF 
for each drill size 
| 
on 1) " Ju 
0025 005 008 010 0130.15 0025 005 008 010 013 015 
Feed, mmirev Feed, mm/rev 
Fig. 11 "lates between torque and feed (a) and between thrust and feed (b) in drilling through holes in 
1g. heat-treated, 3 mm (1 in.) thick René 41 (41 to 42 HRC) with split-point rail drills. Drill size given in inches 
poi 


has been established. Various surface treat- 
ments such as nitriding can also be applied to 
high-speed steel drills to improve drill life. 

In applications involving small-diameter 
(6 mm, or % in.) twist drills, a T15 drill 
material has shown erratic performance. 
Grade T15 is capable of developing very 
high hardness, 67 HRC or higher. nd small 
drills of T15 usually fail by microscopic 
chipping of the cutting edges. This is prob- 
ably the result of the inherent lack of rigid- 
ity of small drills and of the slightly coarser 
grain structure of TIS high-speed steel. 

Carbide-tip twist drills are more suitable 
for drilling the alloys in the Ni Wrt 3 group 
(Table 6) and the mechanically alloyed 
product MA 6000. These alloys present high 
resistance to the conventional type of high- 
speed steel drill. A carbide drill is also 
preferred when the alloys in the Ni Cast 2 
and Co Cast groups (Table 6) are at higher 
hardnesses (320 to 425 HB and 290 to 425 
HB, respectively). 








A suitable grind of a carbide drill is shown 
in Fig. 10. Whether or not carbide drills can 
be used for drilling heat-resistant alloys 
depends largely on the rigidity of the setup. 

Speeds, Feeds, and Drill Life. Nomin- 
al feeds and speeds (and the preferred 
drill material) for drilling heat-resistant 
alloys with twist drills are given in Table 
22. When drilling deep holes with twist 
drills, the speeds and feeds should be re- 
duced as the holes become deeper (Table 
23). 

Speeds of 4.5 to 9 m/min (15 to 30 sfm) are 
extensively used for drilling with high-speed 
steel drills, although in drilling the more 
difficult-to-machine alloys, such as René 
41, speeds as low as 3 m/min (10 sfm) may 
be required. Speeds lower than 3 m/min (10 
sfm) are seldom feasible, because shear 
action is poor and the drills are likely to fail 
by chipping. When carbide drills are used, 
speeds are usually two or three times as 
fast. 


———— 
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Table 24 Nominal speeds for drilling heat-resistant alloys with carbide 


(С-2 or K20) gun drills 



























Alloy group Hardness, | 
from Table 6 Condition нв stm 
Ni Witt ‘Annealed or solution treated 200-300 M E 
Ni Wri 1 Solution treated and aged 300-400 18 Lj 
Ni Wrt 2 Solution treated 225-300 24 80 
Ni Wrt 2 Solution treated and aged 300-400 18 0 
Ni Wit}... Solution treated 275-390 18 en 
NiWrt3 . Solution treated and aged 400-475 ve = 
Ni Wrt 4 Annealed or solution treated 140-220 2 30 
Ni Wr 4 Cold drawn or aged 240-310 18 60 
Ni Wrt 5 As rolled 180-200 24 30 
Ni Cast 1 As-cast or cast and aged 200-375 n 60 
Ni Сам 2 А st and aged 250-320 18 С 
Ni Сам 2... + As-cast Or сам and aged e ri 
Созуп. Solution treated 20 68 
Co Wrt. < Solution treated and aged 270-320 15 50 
Co Сам. 2 As-cast or cast and aged 220-290 15 50 
Co Cast... or cast and aged 290425 

Fe ўїп..... - Solution treated 180-230 46 150 
Реў/п.......... Solution treated and aged 250-320 30 100 
Fe Cast 1................... Annealed 135-185 ы 20 
Fe Cist 2ана нос Annealed or normalized 135-185 50 165 
Fe Cast 3 2 Ascast 160-210 46 150 
MA 754 Mechanically alloyed im 18-30 60-100 
MA 956 . Mechanically alloyed 270 45-76 150-250 
МА 6000 Mechanically alloyed 450 15-23 50-75 





(а) Speeds apply for the feeds defined in the text. Source: Metcut Research Associates Inc. 





The proper feed for a job must be deter- 
mined from chip-breaking characteristics. 
A steady rate of feed is also important, 
especially when drilling alloys that work 
harden readily. Hand feeding, although 
sometimes used, is not recommended for 
drilling heat-resistant alloys. The rela- 
tionship among torque, thrust, and feed 
when drilling through holes in 3 mm (%4 in.) 
René 41 with TIS drills is presented in Fig. 
M. 

Drill life varies with speed, feed, the 
workpiece, and the length-to-diameter ra- 
tio. Figure 12 relates drill life in three dif- 
ferent workpieces at various speeds and 





Table 25 Nominal speeds and feeds for drilling heat-resistant alloys with oi 


feeds. Drill life in the N-I55 workpiece 
exhibits an optimum value at a cutting 
speed of about 12 m/min (40 sfm), at which 
drill life decreases with an increase or de- 
crease in cutting speed. No such optimum 
point is observed in the data of the other 
two workpiece materials. 


Gun Drills 

Gun drills are recommended for the 
deep-hole drilling (depths greater than 3 
diameters) of larger diameters (up to 50 
mm, or 2 in.) in the more difficult-to- 
machine alloys, such as the NiWrt 3, 
NiCast 2, and Co Cast groups (Table 6). 











This type of drill tends to steady itself, and 
it avoids the work hardening that occurs at 
the extremes of point with a standard twist 
drill (where the cutting speed varies from a 
maximum at the hole periphery to zero at 
the center). The true top rake should not 
exceed 10° (positive). Nominal feed rates 
depend on the diameter of the hole and 
are: 











Hole diameter Feed rate — | 
mm in. mmirey inire 

2-4 078-015 0.004-0.006 — 0,00015-0.00025 
4-6 — 0.15-0.25...... 0.080.013 0.0003-0.0005 
6-13 0.25-0,0...... 0.013-0.018 0.0005-0,0007 
13-19 0.50-0.75. 0.018-0.023 0.0007-0.0009 
19-25 075-1 . 0.020-0. 0.0008-0.001 
25-80 12 0.0250. 0,001-0.0012 








These feed rates are for carbide (C-2, or K20) 
single-flute gun drills, and they apply for all 
the heat-resistant alloys. The nominal speeds 
with these feed rates are given in Table 24. 


Oil-Hole Drills 

Oil-hole drills are used to advantage for 
the deep drilling of small holes, in which 
frequent retraction for lubrication and chip 
clearance might otherwise be required. 
Because these drills have polished flutes 
and chip breakers ground into the cutting 
edge. they provide forced lubrication at 
the cutting area and avoid coiled chips that 
might clog flutes. Table 25 lists nominal 
feeds and speeds. For holes more than five 
diameters deep, the feed rate should he 
reduced as the holes become deeper (Table 
26). 


Fixturing 
Because the successful drilling of most 
heat-resistant alloys depends on the rigid- 





hole drills 



































Alloy group from Hardness, — Spei) | еей), mnires (in.rev), for a hole diameter of: == 
тамев Condition. HB ` ттт stm Э mm (8 in.) 6-13 mm (V id 19-25 mm (59-1 in.) эв mm (172 in.) 

Ni WrtL........ Annealed or solution treated 200-300 8 — 25 — 0.025 (0.001) 0.05-0.1 (0.002-0.004) 0.15-0.2 (0.006-0.008) 0.25 (0.01) 

Ni Wri 1.,..... Solution treated and aged — 300-400. 6 20 0.025 (0.001) 0.05-0.1 (0.002-0.004) 0.15-0.2 (0.006-0.008) 0.25 (0.01) 

Ni Wrt 2 Solution treated 205-300 6 20 0.025 (0.001) 0.05-0.075 (0.002-0.00) 0.15-0.18 (0.006-0.007) 0.20 (0.008) 

Ni Wrt 2....... Solution treated and aged — 300-400 45 15 0.025 (0.001) 0.05 (0.002) 0.10-0.15 (0,004-0.006) 0.20 (0.008) 

Ni Wr 3. Solution treated 275-390 45 15 0.025 (0.001) 0.050.075 (0.002-0.003) —— 0.15-0.20 (0.006-0.008) 0.25 (0.00) 

Ni Wn 3 - Solution treated and aged — 400-475 3 10 0.025 (0.000) 0.05-0.075 (0.002-0.003) 0.15-0.20 (0.006-0.008) 0.25 (0.00) 

Ni Wrt à Annealed or solution treated 140-220 11 — 35 0.025 (0.001) 0.05-0. 10 (0.002-0.004) 0.15-0.20 (0.006-0.008) 0.25 (0.01) 

Ni Wrt 4. Cold drawn or aged 240310 в 25 0005 (0.001) 0.05-0.10 (0.002-0.004) 0.15-0.20 (0.006-0.008) 0.25 (0.01) 

Ni Wre $ 180-300 20 — 65 — 0.025 (0.001) 0.10-0. 15 (0.004-0.0061 0.20-0.25 (0.008-0.01) 0.30 60.012) 

Ni Cast 1 tand aged 200-375 6 20 0025 (0.001) 0.05-0. 10 (0.002-0.004) 0.15-0.20 (0.006-0.008) 025 (0.01) 

Ni st or cast and aged 250-320 45 15 0025 (0.001) 0.05-0.075 (0.002-0.003) 0.15-0.18 (0.006-0.007) 0.20 (0.008) 

Ni Ca st or cast and aged — 320-425 Мс) 250) x 0.025-0.05(c) (0.001-0.002)c) 0.075-0. 10(c) (0.003-0.004 c1 = 

Co Wrt Solution treated 180-230 8 25 0.025 (0.001) 0.05-0.10 (0.002-0.004) 0.15-0.20 (0.006-0.008) 0.25 (0.00) 

Co уут. Solution treated and aged 270-320 6 20 0.025 (0.001) 0.05-0.075 (0.002-0.003) 0.15-0.18 (0.006-0.007) 0.20 (0.008) 

Co Сам ....... As-cast or cast and aged 220-290 3 10 — 0.025 (0.001) 0.025-0.05 (0001-0002) 0.1-0. 15 (0.004-0,006) 0.15 (0.006) 
CoCást....... Азам or cast and авей 290-425 Мс) 25(c) a 0.025-0.05(c) (0.001-0.002)c) 0.075-0.10 (0.003-0.004нс) 

Fe Wrt Solution treated 180-2330 9 30 0.025 (0.00) 0.05-0.075 (0.002-0.003) — — 0.15-0. I8 (0.006-0.007) 0.20 (0.008) 

Fe Wrt.,...... Solution treated and aged — 280-320 в 25 0.025 (0.001) 0.05-0.075 (0.002-0.003) 0.15-0.18 (0.006-0.007) 0.20 (0.008) 

Fe Cast | Annealed 135-185 23d) 7Std) 0.0500) (0.002)d) — 0.13-0.25(d) (0.005-0.01 Nd) 0.30-0.364) (0.012-0.014yd) 0.409) (0.01600) 
Fe Сам 2...... Annealed or normalized 135-185 180) 60d) 0.02568) (0.00104) 0.130.204) (0.005-0.008Nd) 0.25-0,30() (0.01-0.0124d) — 0.36(d) (0.014Nd) 
Fe Cast 3 As-cast 160-210 14) 5504) 0.02504) 0.0014) 0.10-0.2000) (0.004-0.008Nd) 0.25-0.301d) (0.01-0.012Kd) 0.3609) (0.01408) 
(à) Recommended speeds with any premium (TIS, M33, M4I-M47, or 59, 510, SI. 512) HSS drill except as specified in footnotes. Cutting speeds are 100 to 150% higher with carbide drills. (b) Feed rates with 


HSS drills except as specified in footnotes. Feeds with carbide drills arc about 0 to 0.05 тпутсу (0 to 0.002 
} drills. (ct Speeds and feeds with carbide (C-2 or K10) drill. (d) Speeds and feeds with M10, M7, МІ (S2. S3} drills. 





than those with MIO. M7, MI 








irev) less than those with TIS or M42 drills and about 0.10 to 0.15 micev (0.004 to 0.006 in./rev) fess 


urce: Metcut Research Associates Inc. 
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Table 26 Reduction of feed for 




































































wt E 15 10025 » 5 wa 5 75 dee -hole drilling with oil-hole 
8 17-22 19-9 DL N-155 m 
3 120 —352нв —]| 219 HB —— /-200нв- Reduce feed 
А bs 
2 100 |- 
H Feed, mmirev 0. 
B eo L—- Lo 005 | | d e 2 
В 6013 30 
зю 
E а = For greater rigidity and better drill life in 
drilling 2.5 to 2.6 mm (0.098 to 0.102 in.) 
m- H diam holes in a Haynes 25 casting, the 
central portion of the piece, between the 
att : two webs, was filled with a low-melting 
75 18 239 3075 5 23 3075 18 2 


Cutting speed, mimin 





13 40,800) (through) 

0.38 (0.015) wear land 

Sulfurized and mineral 
oils (1:1) 


Depth of holes. mm tin.) 
Drill wear end point, mm (in.). 
Cutting fluid. 





Drill details 









Material . M2 high-speed steel 
Diame mm tin.). 6 (0.250) 
Length, mm tin.) . 100 (4) 
Point angle, degrees 118 
» 
Primary clea 7 
Point grind . Standard 








Effect of speed and feed on drill life in 
drilling 17-22 steel, 19-9 DL, and N-155 


Fig. 12 


ity of the workpiece. fixturing is impor- 
tant. When the workpiece is too thin or too 
weak to withstand clamping forces, special 
techniques must be employed, such as filling 
portions of the workpiece with a low-melting 
alloy to give it added support and rigidity. An 
application of this technique is described in 
the following example. 

Example 11: Use of Low-Melting Alloy 
Filler for Improved Workpiece Rigidity. 





alloy (Fig. 13). Before it was made rigid, the 
part could not properly support the pressure 
of the drill, and there was enough deflection 
to cause the alloy to work harden (initial 
hardness was 96 HRB). Drill life was less 
than onc hole per drill before the use of thc 
low-melting alloy filler. With the rigidity of 
the improved setup, drill life increased as 
follows: 











Speed. Feed, теу Holes per 
min (sfm) Ainrev) grind 
1.5 (5) + 0.04 (0.0015) 50 
300. 0.04 (0,0015) 50 
309 0.075 (0.003) 10 








Cutting Fluid 


Active cutting oils—sulfurized, chlorinat- 
ed, or sulfochlorinated—usually provide 
better drill life and productivity than solu- 
ble-oil emulsions or other water-base cut- 
ting fluids. The superiority of active oils 
becomes more significant as the hardness of 
the work metal increases and as the depth of 
the drilled hole increases. When sulfochlo- 
rinated or other active oils are used as 








Table 27 Nominal speeds for reaming heat-resistant alloys 








Wil ed hole 


А Use of low-melting alloy filler for im- 
Fig. 13 poved rigidity in drilling through webs of 
castings made of HS-25 (1-605) alloy. Dimensions given 
in inches 


cutting fluids, all traces of oil must be 
removed from the workpiece before it is 
heat treated or placed in service at high 
temperature. Blind holes require special at- 
tention. 


Rigidity is of primary importance in ream- 
ing heat-resistant alloys, and unsupported 
lengths of tool holders and reamers should 
be kept at a minimum. It is generally pref- 
erable to use carbide-tip reamers, although 
high-speed steel reamers are also used on 
the wrought alloys and the iron-base casting 
alloys. Carbide-tip reamers should be used 
when reaming the mechanically alloyed MA 
6000 product. 

Although it is generally desirable to usc 
reamers having six or cight flutes, in ream- 
ing small holes (for example, less than 6 
mm. or V in., in diameter), four-flute ream- 
ers are often used. Optimum tool angles 
may vary somewhat, depending on the alloy 
being reamed, size of hole, and number of 
flutes in the reamer. However, the variation 
in angles is seldom great. For example, in 
one plant, cight-flute reamers with 2° radial 













































Roughing speeds — 3 == hing spesa) — —— 

Alloy group. Нагі, 1 uss toc Carbide tootsie) HSS toolsibi Carbide мема | 
from Table 6 Condition HB min. чт туп sim mimin ма чт 
Ni Wrei 2 Annealed or solution treated 200-300 6 20 12 40 45 15 8 25 
Ni Wit 1 Solution treated and aged 300-400 45 15 9 30 зе 12 45 15 
Ni Wr 2... Solution treated 225-300 45 15 9 30 3.6 12 45 15 
Ni Wrt 2 Solution treated and aged 300-400 36 12 8 25 3 10 45 15 
Solution treated 275-390 36 12 6 20 2 1 3.6 n 

Solution treated and aged 400-475 3 10 45 15 1.5 5 3 10 

. Annealed or solution treated 140-220 6 14 45 45 15 8 25 

Cold drawn or aged 240-310 45 " 35 ie 12 45 15 

As-rolled 180-200 7 M по 9 30 14 45 

‚ As-cast or cast and aged 200-375 E 9 30 4.6 12 

+ As-cast or cast and aged 250-320 9 30 : 3 10 

As-cast or cast and aged 320-425 эк Tes 3 10 : L5 5 

Solution treated 180-230 45 15 9 30 36 2 6 % 

Solution treated and aged 3.6 2 8 25 3 10 45 15 

Asccast or cast and aged ee + 9 30 : 3 10 

Assist or cast and aged : e 3 10 15 5 

olution trcated 9 3» n 70 8 25 2 40 

mih Solution treated and aged 8 25 » 65 6 20 9 30 

Annealed a 70 26 E n 35 14 45 

Annealed or normalized 17 55 2 70 9 30 12 40 

As-cast 15 2 65 к 2s п 3 





аа) See Table 28 for feed rates and tool material grades 


А chemical emulsion is recommended as the cuui 
(is in.) by 45". chamfer angle. 5 to 6° chamfer relief angle. 2 to 3° radial rake angle, U to 107 helix angle, 
width, 5 тап (Sie їп.) by 2" lead angle, 7 o 10° radial rake angle, 5 to В” helix angle; 7 to 1% primary reli 









usd. (b) High-speed steel tool design: 0.18 t0 0.23 mm 40.007 to 0,009 in.) margin width, 1 5 mm 
13 primary relief angle. (c! Carbide tool design: 0.13 to 0.25 mm (0.005 1o 0.010 in.) margin 
ingle. Source: Meteut Research Associates Inc 





Table 28 Nominal feeds for reaming 





heat-resistant alloys 


ing of Heat-Resistant Alloys / 751 









































Roughing: feed, mmirey (n./revYa), for a reamer diameter Finishing; feed, mmirev (n.irevka), fora reamer diameter of: Tool 
Allay group from Hardness, 3mm 6mm — Dmm — 25mm 3mm — бтз (3mm 25mm — Sümm materiai 
Table 6 нв Condition (in) Kim (ш аш) (ашу (айа) (nim) — (im) — ina trade 
Ni Wr! 200-300 Annealed or 0.05 0.15 0.20 0.25 040 0075 010 0.15 020 030 — (Бого 
solution treated (0.002) (0.006) (0.0089) — 40.010) — (0.015) — (0.003) — (0.004 — 40.000) — (0.008) — (0.012) 
300-400 Solution treated 0.05 0.15 0.20 0.25 0.40 0075 010 0.18 020 030 (bior (o 
and aged 10.002) (0.006) (0.008) — (0.010) бозу — (0.003) (0.004) — 40.006) (0.008) (0.012) 
Ni Wn 2 225.300 Solution treated — 0.95 0.15 0.20 0.25 0.40 0.075 010 0.15 0.20 020 (by orde) 
10.02) (0.0069 (0.008) (0.010) — (0.015) — 40.003) (0.004) — 40.000) (0.008) — 40.012) 
300-400 Solution treated 0.05 0.15 0.20 0.25 0.40 0.075 — 0.10 0.15 0.20 030 — (оге) 
and aged (0.002) (0.006) — (0.008) — (0.010) — 40.015) — 40.003) — (0.004) — (0.0000 — (0.008) — 40.012) 
Ni Wr 3 275-30 Solution treated 0.05 0.10 0.15 0.20 030 0.075 0.10 0.13 0.15 025 — thy or (ey 
(0,002) (0.004) — (0.006) — (0.008) — 40.0012) — (0.003) — (0.004) — (0.005) (0.00€) (0.010) 
400-475 Solution treated — 0.05 0.10 0.15 0.20 0.30 0.075 0.10 0.13 0.15 025 (ог(с) 
and aged (0.002) 40.004) — (0.0060 — 40.008) — 40.002) — 40.003) — (0.004) (0.005) (0.0009 — (0.010) 
Ni Wit à - 140-220 Annealed or 0.05 0.15 0.20 0.25 0.40 0.078 — 0.10 0.15 0.20 030 — (by or (ey 
solution treated (0.002) (0.006) — (0.008 — 40.0100 — 40.015 — (0.003) — 40.004) — (0.0000 — (0.000) — (0.012) 
240-310 Cold drawn or 0.05 0.15 020 025 040 0075 0.10 0.15 0.20 030 — (by orien 
aged 40.002) 40.006) — (0.0089) — 40.010) — (0.015) — (0.003) — 40.004) — (0.0060 — (0.008) — (0.012) 
Ni Wrt 5........ 180-200 As-rolled 0.075 0.15 0.25 0,30 0.40 0.15 0.20 025 0.40 0.50 — (сог) 
40.003) (0.006) — (0.0100 — 40.0012) — (0.0015) — (0.0060 — 40.008) — (0.0100 — (0.015) — 10.020) 
NiCust1,...... 200-175 As-cast or cast 0.05 0.10 0.15 0.20 9.30 0075 010 0.15 020 030 0 
and aged 40.002) (0.004) — 40.006) — (0.008) — 10.012) — (0.003) — (0.004) — (0.006) — (0.008) 00.012) 
Ni Cast 2. 250-320 — Asccast or cast 0.05 0.10 0.15 0.20 030 0.05 010 0.15 0.20 030 а 
and aged (0.002) (0.004) 40.008) — (0.012) — (0.002) — (0.004) — 10.006) — (0.008) — (0.012 
320-425 As-cast or cast 0.05 0.10 0.20 0.30 0.05 9.10 0.15 0.20 030 б) 
und aged (0.002) (0.004) — (0.006) — (0008) — (0.012) — (0.0020 — (0.004) — (0.006) — (0.008) — (0.012 
Соми, 180-230 Solution treated 0.05 0.15 0.20 0.25 0.40 0075 — 0.10 0.15 0.20 030 (bloro 
(0.002) 40.006 — (0.008) — (6.0100 — 40.015) 00.003) — (0.004) — 40.0060) — (0.008) — 10.012) 
270-320 Solution treated — 0.05 0.15 0.20 0.25 0.40 (0075 010 0.15 020 020 (by or (e 
and aged (0.002) 40.006) — 0.008) — (0.010 — 40.01 — (0.003 — 40.004) — (0.0000 — (0.0080 — (0.012) 
Co Cast 220-290 As-cast or cast 0.05 0.10 0.15 0.20 0.30 00759 0.10 015 020 030 (o 
and aged 40.002) (0.004) 10.006) — 40.0000 — 40.0020 — (0.003) — (0.004) — (0.006 — (0.008) — 10.012) 
290-425 As-cust or cast 0.05 0.10 0.15 0.20 0.30 0.05 0.10 0.15 0.20 030 — (o 
and aged 40.002) 40.004) — (0.0000 — 40.008) — (0.012) — (0.002) — (0.004) 00.006) (0.008) — (0.012) 
Fe Wit ss . 180-230 Solution treated 0.05) 0.15 0.25 0.30. 0.40 0075 010 0.15 020 30 — (b) or (c) 
40.002«e) (0.006) — (0.010) — (0.012) — (0.015) — (0.003) — (0.004) — (0.0060) — 40.008) — (0.012) 
250-320 Solution treated 0.08(c) 0.15 0.30 0.40 0.075 010 0.15 0.30 tb) or (c) 
and aged (0.0024c) (0.006) (0.002) — (0.015) — 40.00) (0.004) — (0.006) (0.012) 
Бе Сам 1... 135-185 Annealed 0.10 020 0.40 0.60 0.10 0.15 0.20 .25 030 (o 
(0.004) 40.008) — (0.012) — (0.016) — 40.004) — 40.004) — (0.006) — 40.0080 ойо — (0.012) 
135-185 Annealed 0.075 0.10 On 0.20 0.30 0.10 0.10 0.15 0.20 025 td 
(0.003) 40.004) — (0.005) — (0.008) — 40.02) — 40.004) — (0.004) — 40.006) — (0.008) 00.010) 
Fe Сам 2....... 135-185 Annealed or 0.10 0.20 0.30 0.40 0.60 0.0759 — 0.10 0.15 0.20 0.268 te) 
normalized (0.004) 40.008) — (0.0012) — 40.0100 — (0.024) — (0.003) — (0.004) — (0.0060 — (0.008) — (0.010) 
135-185 Annealed or 0.075 0.13 0.20 0.25 0.40 0.0758 0075 010 0.15 020 4 
normalized 00.003) 40.005) (0.008) (0.010) — (0.015) — (0.093) — (0.009) — (0.004) — (0.006) — 10.008) 
Fe Cast 3....... 160-210 As-cast 0.10 0.20 0.30 0.40 0.60 0.075 010 0.18 0.20 025 (ey 
(0.004) 40.008) — (0.012) — (0.016) — 10.024) — (0.003) — (0.004) — 10.0060 — 40.008) — (0.010) 
160-210 — Asccast 0.075 0.13 0.20 0.25 0.40 005 — 0075 010 0.15 (0.008) — (di 
(0.001) 40.005) — 40.008) (бо) — 40.015) (0.00) 00.003) — (0.004) — (0.006) 


(ау Based on four flutes for 3-8 mm eht in.) diam reamers 
S10, SUL, $12). Ге) C-2 1K20) carbide, D) ML. М2, M (S 








Autes for 13 mm 
2) high-speed st 





(e) Feed. 





jz 1n.) diam reamery, and eight flutes for larger reamers. (by Any premium high-speed steel (TIS, МАЗ, MAI-M4T; or S9. 
itc with high-speed steel reamer is 0.07* mmirev 8.003 in-/rev). Source: Metcut Research Associates Inc, 





rake, 12° radial relief, 42° chamfer, and 7° 
chamfer relief are successfully used for 
reaming 13 mm (V^ in.) holes іп A-286 and 
other iron-base alloys. The same angles are 
used for reaming 13 mm (Y in.) holes in 
nickel-base alloys. with the exception of the 
chamfer relief angle, which is reduced to 5°. 
For reaming 6 mm (‘4 іп.) holes in the same 
metals with four-flute reamers, the radial 
rake is increased to 3° and the radial relief to 
17°. Otherwise, angles are the same as those 
used for reaming 13 mm (V? in.) holes. 
Narrow margins of 0.18 to 0.23 mm (0.007 
to 0.009 in.) are used for reaming nickel- 
base alloys. but margin widths are increased 
to 0.25 to 0.43 mm (0.010 to 0.017 in.) for 
reaming iron-base alloys. 

Nominal speeds and feeds for reaming 
heat-resistant alloys are presented in Tables 
27 and 28. Speeds of less than 3 m/min (10 
sfm) are seldom practical, because cutting 
edges are likely to chip. The feed must be 


great enough to maintain cutting action with 
à practical size of chip. Size of hole is the 
major factor influencing feed, as indicated 
in Table 28. Relief angles, rake, and clear- 
ances are given in Table 27. 

The amount of stock left for reaming is 
especially critical with heat-resistant alloys. 
Removing an excessive amount of stock 
overloads the tools, while insufficient stock 
will induce burnishing, which causes the 
alloy to work harden. The optimum amount 
varies with hole size, but 0.13 mm (0.005 
in.) on the radius should be the minimum, 
even for the smallest holes that can bc 
reamed. 

















Tools used for counterboring and spotfac- 
ing heat-resistant alloys are not necessarily 
different from those used for similar opera- 


tions on other metals. As in other machining 
operations, great emphasis should be placed 
on rigidity of setup in these two processes. 

Nominal speeds and feeds for counter- 
boring and spotfacing heat-resistant alloys 
are given in Table 29. Feeds are the same 
for high-speed steel and carbide tools. The 
size of hole to be counterbored or spotfaced 
influences the feed that should be used. The 
speeds and feeds given in Table 29 are 
based on the use of sulfurized, fat-contain- 
ing mineral oil for cutting fluid; however, in 
practice, spotfacing is often done without a 
cutting fluid because the process involves 
the removal of only a small amount of 
metal. 





Tapping and Thread Milling 


Machining internal threads in heat-resis- 
tant alloy workpieces is especially difficult, 
mainly because the surface to be threaded 
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Table 29 Nominal speeds and feeds for counterboring and spotfacing heat-resistant alloys 
































кее m E Feat mie батоны with «nomial hule diameter tt — ——] 
Won fable 6 Condition Gma бюшив) Dmm Daman) 2565 mm (1-2 nd 
Ni Wrt |... Annealed or solution treated. 4.5 (15) 0.05 (0.0012) 0.075 (0.003) 0.1 (0.004) 
Solution treated and aged 300) 0.05 (0.002) 0.075 (0.003) 0.1 (0.004) 
Ni Wrt2.. Solution treated (15) 0.05 (0.002) 0.075 (0.003) 0.1 (0.004) 
Solution treated and aged 3 (00) 0.05 (0.002) 0.075 (0.003) 9.1 (0.004). 

Ni Wrt 3... Solution treated 3010) 0.05 (0.002) 0.075 (0.003) 0.075 (0.003) 

400-475 Solution treated and aged 300) 0.05 (0.002) 0.075 (0.003) 0.075 (0.003) 
NT WHA i oria . 140-220 Annealed or solution treated 6 (20) 0.05 (0.002) 0.075 (0.003) 0.075 (0.003) 

240-310 Cold drawn or aged 4.5 (15) 0.05 (0.002) 0.075 (0.003) 0.075 (0.003) 
Ni Wri $ 180-200 As-rolled 20 (65) 0.05 (0.002) 0.075 (0.003) 0.075 (0.003) 
Ni Cast 1 . 200-375 AS t or cast and aged 3 (10) 0.05 (0.002) 0.075 (0.003) 0.075 (0.003) 
Ni Cas 250-320 As-cast or cast and aged. 3010) 0.05 (0.002) 0,075 (0.003) 0.075 (0.003) 

320-425 As-cast or cast and aged. 8 5c) 0.05 (0.002) 0.075 (0.003) 0.075 (0.003) 
Co уп. 180-230 Solution treated 4.5 (15) 0.05 (0.002) 0.075 (0.003) 0.075 (0.003) 

270-320 Solution treated and aged 3010) 0.05 (0.002) 0.075 (0.003) 0.075 (0,003) 
Co Cast... 220-290 As-cast or cast and aged. 3110) 0.05 (0.002) 0.075 (0.003) 0.075 (0.003) 

290-425 As-cast or cast and aged. 8(5«c) 0.05 (0.002) 0.075 (0.003) 0.075 (0.003) 
Fe Wri. 180-230 Solution treated nas 0.05 (0.002) 0.075 (0.003) 0.075 (0.003) 

250-320 Solution treated and aged 8 (25) 0.05 (0.002) 0.075 (0.003) 0.075 (0.003) " 
Fe Cast 1.. ‚135-185 Annealed 29 (95d) 0.075 (0.003) 0.10 (0.004) 0.1 (0.004) 0.1-0.15 (0.004-0.006) 
Fe Cast . 135-185 Annealed or normalized 24 (80)(d) 0.075 (0.003) 0.1 (0.004) 9.1 (0.004) 0.1-0.15 (0.004—0.006) 
Fe Cast 3, 160-210 As: t 17 (55d) 0.075 (0.003) 0.075 (0.003) 0.075 (0.003) 0.1-0.1 (0.004.004) 





(а) Speeds ure with any premium high-speed stect (TIS. M33. МА1-МА7, or S9, $10. 51 
for the iron-buse alloys (wrought and cust) and the nickel-base alloys in the Ni Wr 4 and 
У and carbide tools. Feeds are based on three flutes Tor a 6 mm (Иа in.) diam bole und four flutes for a 13-62 mm (0.5-2.5 in.) diam hole, (c) Speed with C-2 (K10) carbide, (d) M2 or M3 (S4 or 


for both Н. 
S5) high-speed steel. Source: Metcut Research Associates Inc. 











2} except ах specified in footnotes. Speedy with carbide tools (C-2 or K10) are three to four times higher except 
Wri 5 groups. For these alloys. speeds ure about two times higher with 


rhide tools. (b) Feeds are the same 








work hardens during the operation (drill- 
ing. reaming, or boring) that prepares the 
hole for threading. Therefore, the prelimi- 
nary operations should be planned so that 
the tools continuously cut chips of sub- 
stantial thickness: this is done to prevent 
burnishing of the workpiece. Because 
reamed holes are the most likely to cause 
difficulty in tapping (particularly in nickel- 
base and cobalt-base alloys), chip thick- 
ness in reaming should be no less than 0.13 
mm (0.005 in.) and preferably 0.25 mm 
(0.010 in.) or more. 

Most production problems in tapping 
heat-resistant alloys are more readily solved 


Table 30 Nominal feeds and 
speeds for thread milling 
heat-resistant alloys with HSS tools 


























‘Alloy group Hardness, | Speedia) Feed 

trom fable HB dumis Мы Immer юле 
Ni Wert Fe... 200-90 6 — 20 0408 00015 
Ni Wrt 1... 300-40 6 — 20 0025 бю 

М Мп 2,.., 225-300 45 15 0038 0.0015 
Ni We 2,... 300-400 3 10 0.001 
NiWr3,,.. 275-390 3 — 10 0.001 
NiWn3... 400-475 2 7 0.001 
NiWrt4.... 140-220 6 — 20 0088 0.0015 
NiWrt4.... 240-310 6 — 20 005 0.001 
Ni Wet S..., 180-000 21 — 70 005 0002 
Ni Cast L... 200-375 3 10 — 0425 — 0.001 
Ni Cast 2...2808-00 36 12 0.001 
NiCast2.... 320425 3 0 0.001 
Со Мт ..,.. 180-230 6 — 20 005 бой 
Co Мут... 270-320 45 15 0025 0.001 
Co Cast. 220-90 3.6 12 0.025 0.001 
Co Сам..... 290-425 3 10 0025 0001 
Fe Wrt...,.. 180-230 10 35 боз 0.0015 
Fe Wrt 250-90 9 30 — 04 0.001 
Fe Cast 1... 135-185 270b) 900) 0.086) 0.0025) 
Fe Cast 2... 135-185 186) ӨЫ) 0.05(5) 0.002(b) 
Fe Cast 3... 160-210 1706) 5506) 0.055). 0.002(b) 





(a) With any premium high-speed steel (T15. МЭЗ. МАЈ M47 or 
S9. S10, S11. S12) except us otherwise specified. (Б) M2, M7 (S4, 
52) high-speed steel. Source: Metcut Research Associates Inc. 





by some alteration in the method of prepar- 
ing the holes than by changes in the tapping 
operation. Subject to the limitation on chip 
thickness mentioned in the preceding para- 
graph, holes should be made to maximum 
rather than minimum size to reduce the 
amount of metal to be removed, thus pro- 
longing tap life. 

General Tapping Practice. Drill presses 
are ordinarily used for the tapping of heat- 
resistant alloys because production lots are 
usually small. For large production lots, the 
cost of tapping can be decreased by using 
turret lathes or automatic chucking ma- 
chines. Regardless of the machine used, it 
should be equipped with a mechanical feed, 
such as lead control. and whenever possi- 
ble, torque-limiting tapping heads with axial 
float should be used in conjunction with 
automatic feed. (Devices for controlling 
feed in tapping are discussed in the article 
“Tapping” in this Volume.) Electrodis- 
charge machining has also been used to 
produce internal threads on heat-resistant 
alloys. 

Selection of the proper drill also an 
important factor. Decreasing the thread en- 
gagement decreases the torque necessary to 
drive the tap. A thread engagement of 55 to 
60% is recommended. 

















Tap Design. Spiral-point plug (or gun) 
taps are preferred for tapping heat-resistant 
alloys. Taps with three or four 7° spiral 
flutes are also used. A four-flute tap is 
preferred to a three-flute tap because it has 
opposing cutting edges. 

The hook angle of the tap should never 
exceed 15° and should be less for higher 
work metal hardness. For example, a hook 
angle of 4 to 6° is suitable for the tapping of 
work metal having a hardness of about 40 
HRC. Taps with lands of minimum width 
are preferred in order to minimize work 
hardening of the metal being tapped. 

The chamfer should be short; the typical 
recommendation is three to five threads. A 
chamfer longer than five threads does not 
permit cutting deep enough to penetrate 
the work-hardened layer, and chamfers 
shorter than three threads cause excessive 
tooth loads, resulting in chipped or broken 
taps. 
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Table 31 Nominal speeds and feeds for the face milling of heat-resistant alloys with T15 or M42 (S9 or S11) 
HSS cutters 

TOLL De of cut, mm (0.04 in) р (— Depth of cut, 4 mm (0.15 i) — —3] Depth of cut, В mm (0.30 in.) — 
Alloy group Hardness, Speed tf Feed a. Speed Т T Feed 1 ы Speed —| Feed — | 
from Table 6 HB mimin stm mmitooth ^ imo mimin мш mmitooth—intooth! mimin мт йон алоо 
Ni Wrt I... 2. 200-300 8 25 9.10 0.004 6 20 015 0.006 
Ni Wrt 1... . 300-400 6 20 0.075 0.003 45 15 0.13 0.005 
Ni Wri 2 225-300 в 20 0.10 0.004 45 0.15 0006 
Ni Wrt 2.... 300-400 45 15 0.075 0.003 3 10 0.13 0.005 
МИЗ. ......27570 — 45 15 0.05 0.002 3 10 0.075 0.003 
Ni Wrt 3, ^. 400-475 36 12 0.05 0.002 26 8 0.075 0.003 poi 
Ni Wrt 4 140-220 9 30 0.075 0.003 8 25 0.13 0.005 6 20 0.18 0.007 
Ni Wrt 4 240-310 В 25 0.05 0.002 6 20 0.10 0.004. 4.5 15 0.15 0.006 
Ni Wit 5 1180200 35 ns 0.10 0.004 27 90 9.15 0.006 1 70 0.20 1.008 
Ni Cast | . 200-375 Li Fi 0.10 0.004 6 ж 0.15 0.006. 4s 15 0.20 0.008 
Ni Cast 2 s. 250-320 6 X 0.05 0.002 3.6 12 0.05 0.002 28 9 0.075 0.003 
Ni Cast. se. 320-425 45 15 0.05 0.002 3 10 0.05. 0.002 2 7 0.075 0.003 
Co Wre. ‚ 180-230 9 30 0.05 0.002 8 25 0.075 0.003 6 20 01 0.004 
Созуп. ‚ 270-320 45 15 0.05 0.002 3 10 0.075 0.003 2 7 01 0.004 
Co Cas ‚ 220-290 45 15 0.05 0.002 3 10 0.075 0.003 2 7 01 0.004 
Co Cast. ‚290-425 36 2 0.05 0.002 26 H 0.05 0,002 Ls 5 0.075 0.003 
Fe Wrt 180-230 18 60 0.13 0.005 9 30 0.20 0.008 45 15 25 0.010 
Fe Wri, 28-300 12 40 0.10 0.004 6 20 0.15 0.006. 45 15 20 0.008 
Fe Cast 1... 135-185 43a) Ma) — 0.2000 — 0008) 34a) 10) — 030) 00a) 24а) SO) байа — 0.01608) 
Fe Cast 2. 135-185 Ма) 103) — 0202) 0.00%а) 24а) Sa) — 0,306) — 012) — I8) 60) 0.400) 0162) 
Fe Cast 3 160-210 200 900) — 020) — 00082) — 22) та) 0304) 00124) 14) Иа) 0.400) 0.0169) 





(a) M2 or M7 (54 or S2) high-speed steel cutters. Source: Meteut Research Associates Inc. 





Table 32 Nominal speeds and feeds for the face milling of heat-resistant alloys with indexable carbide cutters 




















[Depth of cut, | mm (0.08 in. a) — Depth of cut, 4 mm (0.15 in. Kbi — —, — [— Depth of cut, 8 mm (0.30 in.) —) 
Alloy group. Hardness, Ga Speed — Cre l [ Speed — [ Feed 1 [7 3990 —1 [ Feed 
from Table 6 нв min мт mmitouth ^ im/tet mimin sfm mmtooh ало шта sfm mmitooth 
- 200-400 Р 
225-400 : 
1 275-475 z a : zh к ха 
- 140-220 24 80 9.13 0.005 n 75 0.15 0.006 E 
240-310 20 65 0.13 0.005 18 60 0.15 0.006 j PER vi 
- 180-200 84 275 0.15 0.006 6 220 020 0.008 5 170 0.010 
200-375 23 75 013 0.005 21 70 0.15 0.006 : 1 
- 250-425 : > M - 
180-230 21 70 0.13 0.005 20 65 0.13 0.005 
270-320 i8 60 0.13 0.005 17 55 0.15 0.006 
220-290 15 50 0.13 0.005 14 45 0.15 0.006 
290-425 9 30 0.13 0.005 6 20 015 0.006 E ee : : 
180-230 30 100 0.15 0.006 24 к 0.20 0.008 18 60 0.25 0.010 
2 70 0.15 0.006 20 65 0.20 0.008 12 40 0.25 0.010 
120 400 030 0.008 105 350 0.30 0.012 84 275 040 0.016 
100 325 0.20 0.008 84 0.30 0.012 66 215 0.40 0.016 
84 275 020 0.008 70 0.30 0.012 55 180 0.40 0.016 








(a) Carbide grade 





or K l0, M20, (b) Carbide grade C-2 or K20, M30. (c) Carbide grade C-2 or K30, M40, Source: Metcut Research Associates Inc 





When it is necessary to rough and finish 
tap heat-resistant alloys, the roughing tap 
should be undersize on the pitch diameter, 
and its sharp crests should be backed off. A 
plug tap should not be followed by a tap of 
the same pitch diameter, because tap and 
work are likely to bind and oversize holes 
may be produced. 

Tap Material. For small production 
quantities, taps made of a general-purpose 
grade of high-speed steel (such as M1) will 
produce satisfactory results in heat-resis- 
tant alloys, but surface treatment of the taps 
by liquid nitriding is recommended. When 
larger quantities are tapped, the higher cost 
of taps made of one of the more highly 
alloyed high-speed steels (such as M4, M36, 
or T15) is usually warranted. 

Speeds of 1.5 to 4.5 m/min (5 to 15 sfm) 
are satisfactory for tapping most heat-resis- 
tant alloys. For tapping iron-base heat-re- 
sistant alloys, speeds near the high end of 








the range result in satisfactory tool life, and 
speeds higher than 4.5 m/min (15 sfm) have 
occasionally been used. In tapping nickel- 
base and cobalt-base heat-resistant alloys, 
speeds near the low end of the range are 
necessary. 

Cutting Fluid. Sulfochlorinated oils 
should be used for tapping all heat-resistant 
alloys, and the oil should be supplied in 
plentiful amounts during the tapping opera- 
tion. Recommended practice is to force the 
cutting fluid under pressure of about 35 kPa 
(5 psi) through a nozzle directly into the 
hole being tapped. If the sulfochlorinated oil 
is too viscous for the pressure system, it can 
be diluted with a thinner mineral oil without 
seriously impairing its characteristics. 
Chemically active cutting fluids must be 
removed from the tapped holes to prevent 
damage to the work metal during subse- 
quent heat treatment or high-temperature 
service. 








Thread Milling. Nominal speeds and 
feeds for thread milling heat-resistant alloys 
are given in Table 30. Thread milling is most 
frequently used for cutting external threads, 
but if tapping is impractical because of alloy 
characteristics, high hardness, or work- 
hardened surfaces, thread milling is some- 
times used for producing internal threads. 
The principal limitation of thread milling for 
internal threads is the size (diameter and 
length) of the hole to be threaded. It is 
unlikely that a milling cutter could be oper- 
ated in holes much smaller than 25 mm (1 
in.) in diameter. The length of the hole is 
also a limiting factor because rigidity is 
reduced when the spindle is too long for its 
diameter. 

Example 12: Milling 17-12 Threads in 
X-40. Difficulty was encountered in tapping 
114-12 3B threads approximately 13 mm 
(0.500 in.) long (through holes) in X-40 
castings. When holes were tapped in one 
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Table 33 Nominal feeds and speeds for end mi 


(T15, M33, or M41—M47) tool 


g of Specific Metals and Alloys 





ng (peripheral) heat-resistant alloys with high-speed steel 








p Depth of cut, 05 mm (0.020 in.) 
Feed, mmítooth 


E! 


п.о), for a cutter diameter of: 





























Alloy group. Hardness, Speed, p балоо), for a cutter diameter of: —] Speed, 

from Table 6 Condition HB min (sfm) 13 mm (2 in.) 25-50mm (1-2in) — mimin ism) 13mm (in) 25-80 mm (1-2 in.) 
Ni Wr cL... ‘Annealed or solution treated 200-300 3 (10) 0.025 (0.001) 0.050 (0.002) 6 (20) 0.025 (0.001) 0.05 (0.002) 

Ni Wre 1 Solution treated and авей 300-400 — 2.4 (8) 0.018 (0.0007) 0.038 (0.0015) 4505) 0.025 (0.001) 0.05 (0.002) 

Ni Wr 2., Solution treated 225-300 300 0.025 (0.001) 6 (20) 0.025 (0.001) 0.05 (0.002) 

Ni Wri 2 Solution treated and aged 300-400 2.4 (8) 0.018 (0.0007) 0.038 (0.0015) 4.5 (15) 0.025 (0.001) 0.05 (0.002) 

Ni Wrt 3... Solution treated 275-390 24% 0.018 (0.0007) 0.038 (0.0015) 4508) 0.025 (0.001) 0.05 (0.002) 

Ni Wit 3. Solution treated and авей 400-475 207) 0.018 (0.0007) 0.038 (0.0015) 3.6 (12) 0.025 (0.001) 0.05 (0.002) 

Ni Wrtd......... Annealed or solution treated — 140-220 4.5 058) 0.005 (0.001) 0.063 (0.0025) 930) 0,025 (0.001) 0.05 (0.002) 

Ni Wrt 4... Cold drawn or aged 240-40 3.60209 0.025 (0.001) 0.05 (0.002) 805 0.025 (0.001) 0.05 (0.002) 

Ni Wre 5 Asrolled 180-300 15 (50) 0.025 (0.001) 0.05 (0.002) 27 (90) 0.025 (0.001) 0.05 (0.002) 

Ni Само... As-east or cast and aged 200-375 3602) 0425 (0.001) 0.063 (0.0025) 8OS) 0.025 (0.001) 0.05 (0.002) 

Ni Cast 2........ Аз-сам or cast and aged 250-320 300) 0.018 (0.0007) 0.05 (0.002) 6 20) 0.025 (0.001) 0.05 (0.002) 

Ni Cast 2 2 As-cast or cast and aged 320-425 1.55) 0.018 (0.0007) 0.05 (0.002) 4505) 0.025 (0.001) 0.05 (0.002) 

Co Мп Solution treated 24 (8) 0.018 (0.0007) 0.05 (0.002) 4.5 (1S) 0.025 (0.001) 0,05 (0.002) 

Co Wrt.......... Solution treated and aged (9 0.018 (0.0007) 0.038 (0.0015) 3.6 (12) 0.025 (0.001) 0.05 (0.002) 

Co Cast Ах-сам or cast and aged 6) 0.018 (0.0007) 0.038 (0.0015) 3.6 (12) 0.025 (0.001) 0,05 (0.002) 

Co Сам. ‚ As-cust or cast and aged seo 0.018 (0.0007) 0.038 (0.0015) 3110) 0,025 (0.001) 0.05 (0.002) 

Fe Wit. Solution treated 6 (20) 0.025 (0.001) 0.063 (0.0025) 12040) 0.025 (0.001) 0,05 (0.002) 

Fe Wri. | Solution treated and aged — 250-320 4.50159 0.025 (0.001) 0.063 (0.0025) 930) (0.001) 0.05 (0,002) 

Fe Cast 1... Annealed 135-185 — 26(a) (85а) 0.03862) (0.0015на) 0.10‹а) (0.00442) — 44(2) 1452 1 (0.0023) — 0.13() (0.005)(a) 
Fe Cast 2 Annealed or normalized 135-185 1464) (4504) 0.0382) (0.00150) — 0.10(a) (0.0042) 24ta) (BONA) )(0.002Ka) 0.134) (0.008)(a) 
Fe Cast 3. Аусам 160-210 12a) 404a) 0.0388) (0.00152) 0.10‹а) (0.004Маһ 2104) CIV) )(0.002)a) 0.1304) (0.005) 








(a) 


M3, M7 high-speed steel. Source; Meteut Research Associates Ine 








Table 34 Nominal feeds and speeds for end milling (peripheral) of heat-resistant alloys with carbide (C-2) tools 





| Depth of cut, cutter diameterid 
Feed, mmitooth 


x 5 uz 





— Depth of cut, 0.5 mm (0.020 in) 
Feed, mm/tvoth 









































Alloy group. Hardness, Speed, Ain.itooth), for a cutter diameter of: Speed, пню), for и cutter diameter of: —| 

from Table 6 Condition ин ` m/min (stm) 19 тиз} (Ysin. a) 25-50 mm (1-2 in.) wei sfm) 13 mm (ain) 25-50 mm (1-2 in.) 

Ni Wrt 1...... Annealed or solution treated 200-300 14 (45) 0.058 (0.0015) 0.05 (0.002) 24 (80) 0.025 (0.001) 0.05 (0.002) 

Ni Wrti..... Solution treated and aged 300-400 11 (35) 0.025 (0.001) 0.038 (0.0015) 18 (60) 0.025 (0.001) 0.05 (0.002) 

Ni Wri 2 Solution treated 225-300 12 (40) 0.038 (0.0015) 0.05 (0.002) 2100 (0.001) 0.05 (0.002) 

Ni Wn 2. olution treated und aged 200-400 11035) 0.025 (0.001) 0.038 (0.0015) 18 (60) (0.001) 0.05 (0.002) 

Ni Wrt 3 Solution treated 275-390 8 (25) 0.025 (0.001) 0.025 (0.001) 14 45) (0.001) 0.05 (0.002) 

Ni Wr 3 Solution treated and адеб 400-475 6 (20) 0.025 (0.001) 0.025 (0.001) 12 (40) (0.001) 0.05 (0.002) 

Ni Wn 4 Annealed or solution treated 140-220 18 (60) 0.025 (0.001) 0.038 (0.0015) 30 (100) 0.025 (0.001) 0.05 (0.002) 

Ni Wri 4 Cold drawn or aged 240-310 17 (89) 0.025 (0.001) 0.038 (0.0015) 27 (90) 0.025 (0.001) 0.05 (0.002) 

Ni Wit 5 Ay-rolled 180-200 52 (170) 0.038 (0.0015) 0.05 (0.002) ва (275) 0.025 (0.001) 0,075 (0.003) 
As-cast or cast and aged — 200-375 14 (45) 0.025 (0.001) 0.038 (0.0015) 23075) 0.025 (0.001) 0.05 (0.002) 
Ах-сам or cast and aged 250-320 14 (45) 0.025 (0.001) 0.038 (0.0015) 23079) 0.025 (0.001) 0.05 (0.002) 
As-cast or cast and aged 320-425 8025 0.025 (0.001) 0.025 (0.001) 14 (45) 0.025 (0.001) 0.05 (0.002) 
Solution treated 180-230 12 (40) 0.025 (0.001) 0.038 (0.0015) 2 (709 0.025 (0.001) 0.05 (0.002) 
Solution treated and aged 270-320 1 (35) 0.025 (0.001) 0.025 (0.001) 18 (60) 0.025 (0.001) 0.05 (0.002) 
As-cast or cast and aged 220-290 И (35) 0.025 (0.001) 0.038 (0.0015) 18 (60) 0,025 (0.001) 0.05 (0.002) 
As-cast or cast and aged 290-425 6020) 0.025 (0.001) 0.025 (0.001) 12 (40) 0.025 (0.001) 0.05 (0.002) 
Solution treated 180-230 27 (90) 0.038 (0.0015) 0.05 (0.002) 46 (150) 0.025 (0.001) 0.05 (0.002) 
Solution treated and aged — 250-320 18 (60) 0.038 (0.0015) 0.05 (0,002) 30 (100) 0.025 (0.001) 0.05 (0,002) 
Annealed 135-185 ЖАБ) (275b) 0.025(Ь)с) (0.001)(bMcd 0.0756) (0.003Wb) 135(b) (450Xb)  0,025(b) (0.001)(b)_0.13(b) (0.0050) 
Anneuled or normalized 135-185 60 (200) 0.025(c) (0.001 Xc) 0.075 (0.003) 100 (325) 0,025 (0.001) 0.10 (0.004) 
As-cast 160-210 55 (180) 0.038) (0.0015исрп 0.075 (0.003) 90 (300) 0.05 (0.002) 0,10 (0.004) 





(a) The nickel-base, cobalt buss 





Tate with a 13 mm (V^ in.) diam cutter. Source: Metcut Research Associates Ine 


and wrought iron-hase alloys should be milled with 19 mm (94 in.) diam cutter (minimum) when the depth of cut is diam. (b) With carbide C-5 (P20, M20) grade. (c) Feed 





pass, either the casting cracked or the tap 
seized or broke off. Progressive tapping was 
tried with some success, but tapping be- 
came more difficult with each succeeding 
pass, and picking up the previous thread 
became a problem. The work metal resisted 
any appreciable amount of stock removal, 
making it difficult to cut the work-hardened 
surface. 

Ultimately, the thread milling process 
was tried and it proved successful, partly 
because it decreased chip load per tooth. A 
tungsten carbide cutter and sulfochlorinated 
cutting fluid were used. Tool life was 
tended to 28 parts per grind. Threading 
required 13 min per piece. Approximately 








3000 parts were successfully threaded by 
milling. 


Climb milling is generally preferred to 
conventional milling if suitable equipment is 
available. Climb milling requires the ulti- 
mate in rigidity and a machine equipped 
with a backlash eliminator. However, cuts 
deeper than 1.5 mm (0.060 in.) are seldom 
attempted with the climb g of heat- 
resistant alloys, because it is virtually im- 
possible to obi the required rigidity. 

Cutter Design. For milling heat-resistant 
alloys, two principles of cutter design must 

















be given special consideration. First, tooth 
strength must be greater than that required 
for milling steel or cast iron, and second, 
relief angles must be large enough to pre- 
vent rubbing action and consequent work 
hardening of the alloy being cut. 
Regardless of the cutter material, insert- 
ed blades are used on nearly all but the 
smallest cutters, because even under the 
most favorable machining conditions, the 
life of the cutting edges is short. Mechan- 
ical methods of securing the blades in the 
cutter body are preferred because re- 
placement of chipped or broken blades is 
casier. Cutter life can sometimes be great- 
ly increased by small design changes, as 





Machining of Heat-Resistant Alloys / 755 


Table 35 Nominal speeds for power band sawing of heat-resistant alloys with high-speed steel blades 


Table 36 gives tooth form and nominol pitches of the blades. 











































Alloy group Hardness, ‘Speed, mimin (sfm), with a material thickness of: 
From Table 6 Condition нв I mm (< in 13-25 mm (52-1 in.) 25-75 mm (1-3 in.) 75 mm (23 in.) 
Ni Wet | ‘Annealed or solution treated 200-300 15 (50) 14 45) as $30 
Ni Wit lusus Solution treated and aged 300-400 12 40) 1105 900 805 
Ni Wr 2 225-300 15 (50) 14 (45) uas 9.30) 
Ni Wrt 2 Solution treated and aged 300-400 9.30) 8 (25) 600) 4.5 (15) 
Ni Wit 3 ‚ Solution treated 275-390 930) 805 6 (20) 4508 
NEWS secciones Solution treated and aged 400-475 E Б 
Ni Wit 4 Annealed or solution treated 140-220 18 (60) 17 (55) 14 45) n 
Ni Wrt4 Cold drawn or aged 240-3 15 (50) 1445) "on 930) 
Ni Wr 5... уу. Avrolled 180-200 27 (9 24 (80) 20465) 17 (95) 
Ni Cast 1 Asccast or east and aged 200-375 15 (50) 14 (45) 11.35) 9.30) 
Ni Cast 2 As-cast or cast and aged 280-320 12 040) "os 9.30) 805) 
Ni Cast As-cast or cast and aged 320-425 ves ` : 
Co Wr. Solution treated 180-230 12 (40) nas 900 805 
Созуп Solution treated and aged 270-320 "Gs 9.30) 308 6 20) 
t ог cast and aged 220-290 900) 8 (25) 600) 4505) 
Co Cast t or cast and aged 290-425 - x : . 
Fe Wrt 180-230 27 190) 24 (80) 20 (65) 17 (55) 
Fe Wit. ‚ Solution treated and aged 280-320 nos 20 (65) 17 (55) 14 45) 
Fe Cast | Annealed 135-185 їй зз) 37120) 30 (100) 24 80) 
ам 2... уо... Annealed or normalized 135-185 24 (80) 2 00 18 (60) 15 (60) 
3. уга жеке ARCBR 160-210 non 20 (65) 17 (55) 14045) 
MA 754 and МА 956, ‚ Mechanically alloyed 270-277 15 (50) 1а (45) nas s o0 
МА 600... Mechanically alloyed 450 


Source: Metcut Reveurch Associates lnc 





demonstrated in the following two exam- 
pl 





Example 13: Serrated Versus Straight 
End Mills for the Profile Milling of Wasp- 
aloy. Waspaloy rings 1170 mm (46 in.) in 
diameter were profile milled on the outside 
with a conventional cutter made of M3, 
class 2, high-speed steel and with a serrated 
cutter made of the same material. Both 
tools are shown in Fig. 14. 

Using the conventional cutter, four 
roughing culs and one finishing cut were 
necessary to remove the required amount of 
metal. Total machining time was 12% h. 
Using the same speed (4.5 m/min, or 15 sfm) 
and feed (0. 10 mm/tooth, or 0.004 in./tooth). 
the serrated cutter. removed the same 
amount of metal in 72 h by eliminating two 
of the roughing passes. Given the same 
feed, the serrated cutter produced a thicker 
chip and penetrated the work-hardened lay- 
er better. 

Both types of cutters required sharpening 
after 145 min of cutting, which produced a 
wear land of approximately 0.30 mm (0.012 











in.). The serrated cutter was used only for 
roughing because the finish it produced was 
not acceptable as a final finish. However. 
this was not a disadvantage, because a 
freshly sharpened cutter had always been 
used for finish milling; therefore, no extra 
tool change was involved. 

Example 14: Change of Carbide Cutter 
for Increased Tool Life. Chamfering the 
front cutting edge of the carbide tip of a 150 
mm (6 in.) diam face milling cutter resulted 
in a 25% increase in tool life and a reduction 
in costs in climb milling aged Inconel X-750. 
[he tip was of grade C-5 carbide. The 
improved cutter is shown in Fig. 15. 

The use of a cutter that had been designed 
especially for climb milling. and of a solu- 
ble-oil cutting fluid (1 part oil to 15 parts 
water), minimized cutter cratering and chip- 
ping. The major contribution to tool life, 
however, resulted from the chamfer (45° by 
80% of feed; or 1.8 mm, or 0,072 in.). The 
cutter was operated at a speed of 18 m/min 
(60 sfm). a feed of 0.23 mm/tooth (0.009 in./ 
tooth), and a depth of cut of 1.5 mm (0.060 








Table 36 Nominal pitches for power band sawing of heat-resistant 











alloys 
|. Material thickness — Pitch, teeth! 
Alloy group from Table 6 mm , Tooth formia) 25 mm (1 in.) 
Fe Cast 1, Fe Cast 2, Fe Cast 3 Р 10-14 
P 510 
Р 68 
£P 3a 
Remaining alloy groups listed in 
TABLE SIG), care tipcocrs mentre EU P 10-14 
13.25 P 6 
25-75 Р 4 
>75 € 3 





(a) P. precision: C. claw. (b) The following alloy groups from Table 35 are not band sawed: МА 6000, Ni Уп 3 (solution treated and aged. 


AQOA75 HB), Ni Cast 2 (120-425 НВ). Co Cust (290-425 НВ), Хош 


©: Metcut Research Associates Ine. 





in.). Width of cut was 63 mm (2/2 in.). The 
cutting fluid was brushed on. 

Cutter Material. Becausc of the inter- 
rupted cutting action, high-speed steel is 
used for cutters in most applications for 
milling heat-resistant alloys. However, car- 
bide is frequently more economical than 
high-speed steel when milling the more dif- 
ficult-to-machine alloys, such as René 41 
and MA 6000. Small solid-carbide end mills 
have been successfully used in a few appli- 
cations. The more highly alloyed grades of 
high-speed steel usually outperform the 
general-purpose grades, but there is less 
difference in performance between the two 
grades in milling cutters than in some other 
tools used for machining heat-resistant al- 
loys. 

Speed, Feed, and Depth of Cut. Nomi- 
nal speeds and feeds for the face and end 
(peripheral) milling of heat-resistant alloys 
are given in Tables 31 to 34. The speeds 
listed in these tables assume that the oper- 
ations are conducted under conditions of 
best practice. that is. adequate rigidity in 
the setup, optimum tool angles, and a plen- 
tiful supply of cutting fluid. 

When one or more factors are less favor- 
able in a specific application (such as ex- 
cessive work metal hardness or inadequate 
rigidity). speed must be reduced. In some 
applications, it is necessary to mill nickel- 
base and cobalt-base alloys at speeds as 
low as 1.5 m/min (5 sfm) for acceptable 
tool life. 

Optimum feed depends primarily on the 
type of milling operation and the depth of 
cut. The rate of feed is usually decreased for 
finishing cuts. The feeds used for slab mill- 
ing do not differ greatly from those used for 
face milling (Table 31). 
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Table 37 Nominal speeds and feeds for the circular sawing of 


heat-resistant alloys with 
See Table 38 for saw pitch. 





h-speed steel (M2, M7, or S4, S2) blades 





Speed, mimin (sfm), at a solid stock diameter thickness af: 












































































Alloy group Hardness, — 675mm 75-150 тип 150-225 mm 225-400 mm 
from Table 6 Condition BB (3m) (3-6 (6-9 in.) (9-15 in.) 
Ni Wrt 1,.... Annealed or solution treated — 200-300 4.5 (15) 3.6 (12) 3 10) 
Ni Wrt 1 Solution treated and aged 3002400 — 4.5 (15) 3.6 (12) 3 ao 
Ni Wrt 2... Solution treated 225-300 — 455) 3602 3 00 
Ni Wrt 2... Solution treated and aged 300-400 4.5 (15) 3602 3 00) 
Ni Wrt 3 Solution treated 27390 4.5015) 3602 3 аф 
Ni Wrt 3 .... Solution treated and aged 400-475 — 3 (10) 2.5 (8) 1.5 (5) 
Ni Wrt 4... Annealed or solution treated — 140-220 9 (30) 8 05) 
Ni Wrt 4... Cold drawn or aged 240310 — 8 QS) 6 (20) 
Ni Wr 5... As-rolled 180-200 I8 (60) 15 (50) 2 (40) 3 
Ni Cast 1.. st or cast and aged 200-375 4.5 (15) 3.6012) 3 09 25(8) 
Ni Cast 2... Ауса or cast and aged 250-320 6 Q0 4.5 015) 3602) 3 00) 
Ni Cast 2.... As-cast or cast and aged. 320-425 3 (10) 2.5 (8) LS (5) 1.5 (5) 
Co Wrt Solution treated 180-230 6 (20) 4.5 (15) 3602) 3 00) 
Co Wrt,...., Solution treated and aged 270-320 — 4505) 3602 3 ao 2.5 (8) 
Co Cast... As ! and aged 220-990 4.5 (15) 3602) 3 (10) 2.508) 
Co Cast... As« t and aged 290-425 з (0 2.5 (8) 1.5 (5) 1.5 (5) 
Fe Wrt,..... Solution treated 180-230 8 (25) 6 (20) 4505) 3602) 
Solution treated and aged 250-320 8 QNS) 6 20 4.5.15) 3.6 (12) 
-. Annealed 135-185 30 (100) 24 (80) 20 (65) 15 (30) 
- Annealed or normalized 135-185 21 (70) 17 65 14 (45) n o5 
Fe Cast 3... Аксам 160-200 15 (50) nR 40) 9 00 8 (25) 
Feed, mmitooth (in./tooth), at a solid stock diameter thickness of: 
Alloy group Hardness, — 6-75 mm 75-150 mm 150-225 mm 225-40 mm 
from Table 6 Condition нв (3 in.) 13-6 in.) (6-9 in) (9-15 in.) 
ММТ... Annealed or solution treated 200-300 0.075 (0.003) 0.075 (0.003) 0.10 (0.004) 0.10 (0.004) 
Ni Wet 1 Solution treated and aged — 300-400 0.075 (0.003) 0.075 (0.003) 0.10 (0.004) 0.10 (0,004) 
Ni Wrt 2... Solution treated 225-300 0.075 (0.003) 0.075 (0.003) 0.10 (0.004) 0.10 (0.004) 
Ni Wrt 2 lution treated and aged 300-400 0.075 (0.003) 0.075 (0.003) 0.10 (0.004) 0.10 (0.004) 
Ni Wrt3 Solution treated. 275-390 0.075 (0.003) 0.075 (0.003) 0.10 (0.004) 0.10 (0.004) 
Ni Wrt 3... Solution treated and aged — 400—475 0.050 (0.002) 0.050 (0.002) 0.075 (0.003) 0.075 (0.003) 
Ni Wrt 4 Annealed or solution treated 140-220 — 0.075 (0.003) 0.075 (0.003) 0.10 (0.004) 0.10 (0.004) 
Ni Wrt 4 ..... Cold drawn or aged 240-310 0.075 (0.003) 0.075 (0.003) 0.10 (0.004) 0.10 (0.004) 
Ni Wrt 5 ...., As-rolled 180-200 0.10 (0.004) 0.10 (0.004) 0.15 (0.006) 0.15 (0.006) 
Ni Сам 1..... As-cast or cast and aged — 200-375 0.075 (0.003) 0.075 (0.003) 0.10 (0.004) 0.10 (0.004) 
Ni Cast 2. ast or cast and aged 250-320 0.075 (0.003) 0.075 (0.003) 0.10 (0.004) 0.10 (0.004) 
Ni Cast 2 ast or cast and aged — 320-425 0.050 (0.002) 0.050 (0.002) 0.075 (0.003) 0.075 (0.003) 
Co Wrt - Solution treated 180-230 0.075 (0.003) 0.075 (0.003) 0.10 (0.004) 0.10 (0.004) 
Co Wrt.......Solution treated and aged 270-320 0.075 (0.003) 0.075 (0.003) 0.10 (0.004) 0.10 (0.004) 
Co Сам. or сам and aged — 220-290 0.075 (0.003) 0.075 (0.003) 0.10 (0.004) 0.10 (0.004) 
Co Сам. Orcastand aged — 290-425 0.050 (0.002) 0.050 (0.002) 0.075 (0.003) 0.075 (0.003) 
Fe Wrt Solution treated 0.075 (0.003) 0.075 (0.003) 0.10 (0.004) 0.10 40.004) 
Fe Wrt,....., Solution treated and aged 0.075 (0.003) 0.075 (0.003) 0.10 (0.004) 0.10 (0.004) 
Fe Cust |..... Annealed 5 0.15 (0.006) 0.15 (0.006) 0.20 (0.00%) 0.20 (0.008) 
Fe Cast 2..... Annealed or normalized 135-185 0.15 (0.006) 0.15 (0.006) 0.20 (0.008) 0.20 (0.008) 
Fe Cast 3 160-210 0.15 (0.006) 0.15 (0.006) 0.20 (0.008) 0.20 (0.008) 





Source: Metcut Rexeurch Associates Inc. 





Table 38 Nominal pitches for the circular sawing of heat-resistant alloys 


with high-speed steel saws 





Diameter or thickness of 





г “lid stock Pitch — 
Alloy group from Table 37 mm P" тилоо алон! 
Ni Wrt 1 (200-300 НВ). Ni Wrt 2 (225-300 НВ). 6-75 [E] 5-19 0.20-0,75 
Ni Wrt 4 (140-220 HB), Ni Wrt 5 (180-200 75-150 3-6 13-28 0.50-1.10 
HB). Co Wrt (180-230 HB), Fe Wrt (180-230 150-225 69 20-33 0.75-1.30 
HB), Fe Cast 1, Fe Cast 2, Fe Cast 3 225-400 9-15 234 0.90-1.75 
Ni Wrt 1 (300-400 HB), Ni Wrt 2 (300-400 НВ). 6-75 6] 5-18 0.20-0.7 
Ni Wrt 3 (275-390 HB), Ni Wrt 4 (240-310 75-150 3-6 13-25 0.50-1.00 
НВ), Ni Cast 1. Ni Cast 2 (250-320 HB). Co 150-225 6-9 20-30 0.75-1.20 
Wrt (270-320 HB), Со Cast (220-290 HB). Fe 225-400 9-15 23-40 0.90-1.50 
Wr (250-320 НВ) 
Ni Wrt 3 (400-475 HB), Ni Cast 2 (320-425 6-75 из 415 0.15-0.60 
НВ), and Co Cast (290-425 НВ) 75-150 3% 10-23 0.40-0.90 
150-225 6-9 19-28 0.75-1.10 
225-400 9-15 20-35 0.80-1.35 


Source: Meteut Research Associates Inc. 





The feeds used for end milling are neces- 
sarily less than those used for face milling 
because of the inherent lack of rigidity in 





end milling. In addition to depth of cut, the 
size of the cutter is a significant variable 
influencing optimum feed in end milling. 


Nominal feeds for end milling, covering a 
range of cutter sizes, are given in Tables 33 
and 34. 

Depths of cut for rough face and slab 
milling are usually in the range of 1.5 to 2.5 
mm (0.060 to 0.100 in.). The availability of. 
sufficient power is frequently a factor in 
limiting the depth of cut. Finish face or 
peripheral milling is usually done with a 
depth of cut of 0.6 mm (0.025 in.) or less, 
depending to some extent on the required 
surface finish. To minimize transverse 
streaks and to obtain the best surface finish, 
depth of cut often ranges from 0.1 to 0.4 mm 
(0.005 to 0.015 in.). Depth of cut less than 
0.1 mm (0.005 in.) is not recommended 
because it is likely to result in excessive 
work hardening of the alloy being milled. 

Cutting Fluid. Sulfochlorinated oil intro- 
duced in copious amounts at the exhaust 
side of the cutter is the preferred condition 
for milling heat-resistant alloys. Soluble-oil 
emulsions are often used, and they provide 
better cooling for the tools and workpieces 
than straight oils. However, some sacrifice 
in surface finish and tool life attends the use 
of soluble-oil emulsions compared to sulfo- 
chlorinated oils. The latter are often diluted 
with mineral oil (up to 50%) to obtain fluid- 
ity with no large sacrifice in ability to pro- 
mote cutting action and good surface finish. 
Workpieces milled with sulfochlorinated or 
other chemically active oils must be thor- 
oughly cleaned before being placed in ser- 
vice at elevated temperature. 











Because of their applications, heat-resis- 
tant alloys are less frequently machined by 
sawing than by most other processes, 

Band Sawing. Nominal pitches (teeth 
per 25 mm, or | in.) and speeds for the 
power band sawing of several groups of 
heat-resistant alloys are given in Tables 35 
and 36. Power band sawing is not applicable 
for heat-resistant alloys with hardnesses 
higher than 400 HB. 

The effect of band speed on tool life is 
indicated in the following tabulation for the 
cutoff band sawing of bars of A-286 (35 























HRC) 38 mm (1% in.) thick with a high- 
speed steel band: 

Band speed Band Ме 
mimin sim tm! cut eat 
2 70 1080 168 
27 9 390 60 





The sawing comparison was made at a 
hydraulically controlled feed rate of 25 mm/ 
min (1.0 in./min) for a cutting rate of 960 
mm?/min (1.5 in.?/min), with flow applica- 
tion of a 1 to 1 mixture of sulfurized and 
mineral oils. 

Circular Sawing and Slitting. Nominal 
pitches, speeds, and feeds for circular saw- 
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Table 39 Nominal speeds and feeds for the power hacksawing of 
heat-resistant alloys with a high-speed steel blade 


See Table 40 for blade pitch. 





Speed, sirokesimin, 
with a light feed pressure(a) and a material thickness of: 























Alloy group. Hardness, — <6 6-9mm — 19-50 mm >50 mm 
from Table 6 Condition (<M (main) (3+2 in.) (92m) 
Ni Wrt 1 Annealed or solution treated — 200-300 

Ni Wrt I Solution treated and aged 300-400 - - - . 
Ni Wt 2 Solution treated 225-300 35 35 35 35 
Ni Wrt2.... Solution treated and aged 300-400 - Tt De 

Ni Wrt 3 ‚ Solution treated 275-390 3s 35 35 3s 
Ni Wr 3 Solution treated and aged 400-475 a * fer КЫ 
Ni Wrt 4 ‚ Annealed or solution treated — 140-220 35 35 35 35 
Ni Wri 4 ‚ Cold drawn or aged 240-310 30 30 30 EJ 
Ni Wrt 5... As-rolled 180-200. 70 70 604b) 6b) 
Ni Cast 1.. ‚ As-cast or cast and aged 200-375 . 
Ni Cast 2.. As-cast or cast and aged 250-320 

Ni Cast 2 As-cast or cast and aged 320-425 . Mt ftt : 
Co Wrt Solution treated 180-230. 35 35 35 35 
Созуп... Solution treated and aged 270-320 m : 

Co Cast.......... Аз-саз! or cast and aged 220-290 30 30 30 30 
Co Сам.......... As-cast or cast and aged 290-425 : : : 

Fe Wri - Solution treated 180-230 45 45 40 406) 
Fe Wn... Solution treated and aged 250-320 40 40 35 35 
Fe Cast | ........ Annealed 135-185 120 1200) 11005) поь) 
Fe Cast 2. ‚ Annealed or normalized 135-185 60 55(b) 580) 
Fe Cast 3. ‚ Аусам 160-210 50 50 45 зз) 





(а) A light feed pressure with a feed rate of 0.079 mm/stroke (0.008 in /stroke] for all applicable alloys except as otherwise specified. (b) 
Medium feed pressure with a feed rate of 0.15 mm'stroke (0.006 m.^iroke). Source: Melcut Research Associates Inc. 





ing are presented in Tables 37 and 38. The. 
diameter or thickness of the work metal is 
the major variable influencing pitch, al- 
though work metal composition and hard- 
ness also have some effect. 

Hacksawing. Nominal speeds and feeds 
for power hacksawing are given in Table 
39. As stated in the footnotes, a feed rate 
of 0.075 mm/stroke (0.003 in./stroke) is 
applicable for most of the nickel-base, 
cobalt-base, and wrought iron-base alloys 
with thicknesses from 6 to 50 mm (VA to 2 
in.). The iron-base casting alloys, the iron- 
base wrought alloys with hardnesses of 180 
to 230 HB, and the alloys in the Ni Wrt 5 
group allow slightly higher feeds for thick- 
er materials. Pitch is varied according to 
workpiece thickness, as indicated in Table 
40. 

Cutting Fluids. Moderate-duty to heavy- 
duty chemical emulsions are widely used 
and are generally recommended as cutting 
fluids for sawing heat-resistant alloys. 
Plain soluble-oil emulsions have also pro- 
vided satisfactory results. Regardless of 
the type of cutting fluid used, a plentiful 
supply at the area being sawed is impor- 
tant. 





Even when operating conditions are fa- 
vorable, heat-resistant alloys are more dif- 
ficult and costly to grind than low-alloy 
steels. Because high-temperature nickel 
and cobalt alloys are sensitive to the level 
of energy used during processing, metal- 
lurgical alterations and microcracking may 
occur at the surface. The altered material 
zones or layers can attain a substantial 


proportion of the thickness of thin compo- 
nents, resulting in a deleterious effect on 
the requirements for the surface being 
produced. These requirements include low 
distortion, absence of cracks, fine finish, 
or high fatigue strength. Therefore, param- 


Table 40 Nominal blade pitch for 
the power hacksawing of 
heat-resistant alloys 




















Material Pitch, teeth 
thickness, per 25 mm 
Alloy group from Table 39 mm in. t ina 
Ni WIS esee ЖИ SY 10 
6-19 YM 10 
19-50 6 
>50 4 
Ni Wrt 2 (225-300 HB), Ni 
Wr 3 (275-390 HB). Ni 
Wn 4, Co Wrt (180-230 
HB), Co Cast (220-290 
HB), Fe Мп. <6 10 
6-19 10 
19-50 6 
6 
Fe Cast 1 eee 96 10 
6-19 6 
19-50 6 
so 4 
Fe Cast 2, Fe Cast 3 ШЕ 10 
6-19 10 
19-50 6 
>50 4 





Source: Metcut Research Associates Inc 





eters and conditions for the grinding of 
heat-resistant alloys should be controlled 
to planned values in order to obtain high- 
integrity surfaces. Detailed information on 
the effects of processing on surface prop- 
erties сап be found in the article *'Surface 
Finish and Surface Integrity’ in this Vol- 
ume. 





Table 41 Alloy groups referred to in Tables 42 to 46 
Compositions for these olloys can be found in Tables 1 to 3. 





Typical alloys. 








Group. Condition. 

Fe-1 ......... Wrought. solution treated. or solution 
treated and aged 

ме! - Wrought, annealed. solution treated, ог 
solution treated and aged 

Ni2.. Wrought, annealed, solution treated. 





cold drawn, or aged 


Ni-3 ........ Cast, as-cast, or cast and aged 

Cot. - Wrought, solution treated, or solution 
treated and aged 

Co-2........ Cast, as-cast, or cast and aged 


A-286, Discaloy. Incoloy Alloy 800, Incoloy Alloy 
ООН. Incoloy Alloy 801, Incoloy Alloy 802, М-155. 
16256, 19-9DL 

Astroloy. Inconel Alloy 700. Inconel Alloy 718, Inconel 
Alloy X-750. Nimonic 75. Nimonic 90, René 41, René 
95, Udimet 500. Udimet 700, Waspaloy 

Hastelloy Alloy В, Hastelloy Alloy C. Hastelloy Alloy 
C-276, Hastelloy Alloy G, Incoloy Alloy 804, Incoloy 
Alloy 825, Inconel Alloy 600, Udimet 630 

B-1900, Hastelloy Alloy D. IN-100, IN-738. Inconel 
Alloy 718. M252, MAR-M200. MAR-M432. René 80, 








René 125, TRW VI A, Udimet 700 
AiResist 213, Haynes Alloy 25. Haynes Alloy 188. 
J-1570. MAR-M905. S-816 





AiResist 13. AiResist 215, FSX-414, HS-6, HS-21. 
MAR-M302, MAR-MS09, WI-52, Х-45 





Table 42 Nominal processing conditions for the surface grinding of 
heat-resistant alloys with straight wheels 

Conditions given are for a unit downfeed of 0.025 mm (0.001 in.) per series of posses in roughing and 0.013 mm 
(0.0005 in.) in finishing. Table speed is 15-30 m/min (50-100 sfm). Grinding fluid may be a water-base 
soluble-oil emulsion or a synthetic solution, or sulfurized oil. 











Whee ew Cross feed per pass, 
Alloy groupia) Hardness, HB. Classification. Speed, mis (sfm) Traction of wheel width 
180-320 A46HV 15-20 (3000-4000) Yaw 
200-475 A46HV 15-18 (3000-3500) nz 
140-310 A46HV 15-20 (3000-4000) Vm 
- 200-425 ASSHV 15-18 (3000-3500) 
180-320 A46HV 15-18 (3000-3500) 
220-425 A46HV 15-18 (3000-3500) 








(a) See Table 41 for designations of alloy groups and typical alloys in each group. Source: Metcut Research Associates Inc 
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Table 43 Nominal processing conditions for the cylindrical grinding of 


heat-resistant alloys 


Data given are for a traverse rate of one-fifth the wheel width per revolution of work in roughing and one-tenth 
the wheel width in finishing. Work speed is 15-30 m/min (50-100 sfm). Grinding fluid may be a water-bose 


soluble-oil emulsion or a chemical solution, or sulfurized oil. 








1 Wheel TL Teed, тирә» (inpas) 
Alloy groupta) Hardness, HB ‘Classification Speed, mis istm» Roughing Finishing (тих) 
Fel 180-320 АБОЈУ 15-20 (3000-4000) 0.025 (0.001) 0.005 (0.0002) 
ме! 200-475 AGOIV 15-18 (3000-3500) 0.025 (0.001) 0.005 (0.0002) 
ме? 140-300 AG0IV 15-18 (3000-3500) 0.025 (0.001) 0.005 (0.00021 
Ni 200-425 АШУ 15-18 (3000-3500) 0.025 (0.001) 0.005 (0.0002) 
Col . 180-320 AGOIV 15-18 (3000-3500) 0.025 (0.001) 0.005 (0.0002) 
Co? 220-425 AG0IV 15-18 (3000-3500) 0.025 (0.001) 0.005 (0.0002) 


ч See Table 41 for identity of alloy groups and typical alloys. Source: Meteut Research Associates Inc 








Table 46 Nominal processing condi 


ions for surface grinding of 


heat-resistant alloys with CBN straight wheels 
Conditions given are for a unit downfeed of 0.025 mm (0.001 in.) per series of passes in roughing and 0.013 mm 


(0.0005 


emulsifiable oils. 





} in finishing, Table speed is 15-38 m/min (50-125 sfm). Grinding fluid may be heavy-duty oils or 














1 — wie — Crossfeed per pass, 
Alloy groupta) Hardness, HB ‘Classification ‘Speed, mis (sfm) fraction of wheel width 
200-475 BIOOT?SB 28-41 (5500-8000) Ys max 
140-310 BIOOTTSB 28-41 (5500-8000) max 
200-425 BIOOT7SB 2841 (5500-8000) max 
22. 180-320 BIOOTISB 28-41 (5500-8000) max 
, 220-425 B100T75B 28-41 (5500-8000) Ye max 





lay See Table 41 for designations of ally groups and typical alloys in each group. Source: Metcut Research Associates Inc 





Wheel Selection 

Aluminum oxide (Al;O;) wheels are used 
for most grinding of heat-resistant alloys, 
although CBN is also used for some preci- 
sion grinding applications. Table 41 classi- 
fies five groups of heat-resistant alloys for 
which grinding data are presented in this. 
section. Tables 42 to 46 identify wheels suit- 
able for grinding these five alloy groups by 
four different methods. Markings for identify- 
ing grinding wheels and bonded abrasives can 
be found in the articles “Grinding Equipment 
and Processes” (Al,O, and SiC abrasives) 
and "Superabrasives" (CBN and diamond 
abrasives) in this Volume. 

The grade (hardness) of the wheel is 
designated by letter, ranging from A (very 
soft) to Z (very hard). Most heat-resistant 
alloys are ground with medium-hard wheels 
(G to L). 

Structure. Wheels with structure number 
from 7 to 10 are commonly used for grinding 
heat-resistant alloys. The definition of struc- 
ture number varies among wheel manufactur- 
ers; however, all agree that as structure num- 
ber increases, the distance between grains 
increases. Structure. numbers are omitted 
from some whecl designations in this article. 

Bond. Vitrificd bond (designated by letter 
V) is most commonly used for grinding 
heat-resistant alloys. Resinoid bond wheels 
can be used for higher-speed work (=1400 
m/min, or 4700 sfm). 


Grinding Fluid 
Grinding fluids can be classified into four 
principal groups, as shown in Table 47. 











Because heat-resistant alloys have low ther- 
mal conductivity, grinding fluid must be 
applied at the grinding area in plentiful 
amounts to prevent heat checking of the 
work surface. 

For fast removal of heat, highly sulfur- 
ized water-base soluble-oil emulsions are 
the best fluid for any wrought heat-resistant 
alloy. Sulfurized oils are appropriate grind- 
ing fluids for all heat-resistant alloys, but 
they remove heat less rapidly than the wa- 
ter-base soluble-oil emulsions. 

Chlorinated oil, generally about 1% chlo- 
rine, is particularly useful for the wet dress- 
ing of form-grinding wheels to a tolerance of 
0.005 mm (0.0002 in.) or less. Chlorinated 
water-base soluble-oil emulsions can be 
used in dressing form-grinding wheels with- 
in tolerances wider than 0.005 mm (0.0002 
in.). Synthetic solutions and water-base sol- 
uble oil emulsions do not have this capabi 
ity. The chlorinated straight oils and chlori- 
nated  soluble-oil emulsions are also 
applicable to other methods of grinding. 

A disadvantage of chlorinated fluid is that 
any residual or entrapped fluid will react 
with the alloy during high-temperature ser- 
vice of the workpiece. Entrapment of fluid 
is especially likely in parts with small cavi- 
ties such as blind holes and other difficult- 
to-clean recesses. For this reason, some 
users of heat-resistant alloy parts do not 
permit the use of chlorinated grinding flu- 
ids. 

In many applications, selection of the 
fluid is based on cost. Emulsions of soluble 
oil and water are the least expensive and 






































Table 44 Nominal processing 
conditions for the through-feed 
centerless grinding of 
heat-resistant alloys 





Wheel classification. . АбОКУ 
Wheel speed. mis (sfm), for alloy 
groupla) 
Fe-1 (180-320 HB) 15-20 (3000-4000) 
-1 (200-475 HB). m 15-20 (3000-4000) 
(140-310 HB)... 15-20 (3000-4000) 
(200-425 HB). . 15-20 (3000-4000) 
Co-1 (180-320 НВ)...... .. 15-20 (3000-4000) 
Co-2 (220-425 НВ)............. 15-20 (3000-4000) 
Infced, mmypass (in./pass) 
Roughing 
Finishing ......- > 
Work feed. m/min (in /min). ....... 1. 
Regulating wheel angle, degrees ... 3 
Regulating wheel speed. revimin,.. 25-40 
Grinding fluid. зоос Watter-base(b) or 
sulfurized oil 











+++ 0,075 (0.003) 
. 0.025 (0.001) 
3,8 (50-150) 





(a) See Table 41 for designations of alloy groups and typical ulloys 
in cach group. (b) Fither soluble-oil emulsion or synthetic solu- 
tion. Source: Metcut Research Associates Inc 





Table 45 Nominal processing 
conditions for the internal grinding 
of heat-resistant alloys 

All data apply to holes of 272 diameters maximum length 
‘and to grinding wheels of 1/2 diameters maximum width. 


AGOIV 





Wheel classificationta). - 
Wheel speed, m/s (sfm), for alloy 














group) 
Fe-l 15-20 (3000-4000) 
Ni. 15-20 (3000-4000) 
Ni2.. 15-20 (3000-4090) 
Ni- 15-20 (3000-4000) 
Col 15-20 (3000-4000) 
COB pea ‚ 15-20 (3000-4000) 

Infecd, mmipass (in./pass) 
Roughing . 0.013 40,0008) 


Finishing - < 0.005 (0.0002) 
Traverse. whi 
revolution of work 
Roughing Ж УЫ... 
Finishing nca 
Grinding fluid ...... Water-base(c) or 
sulfurized oil 





(a) Wheel recommendations are for wet grinding 20-50 mm (0,8 
2.0 in.) diam holes, For larger holes, use the sume or softer-grade 
Wheel. For smaller holes. use a harder-grade wheel, (b) See Tuble 
41 for designations of alloy groups and typical alloys jn each 
group. (c) Soluble-oil emulsion or synthetic solution, Source: 
Metcut Research Associates Inc. 











grinding oils the most expensive grinding 
fluids. 

Effect on Grindability. Table 48 shows 
the effects of 15 water-base fluids on the 
grinding ratio (G-ratio) of selected heat- 
resistant alloys. The G-ratio is the volume 
of metal removed per volume of wheel 
wear. The higher this index, the casier the 
metal is to grind. It should be noted that the 
concept of grindability does not involve 
grinding sensitivity, which is the suscepti- 
bility of the metal to cracking during or after 
grinding, nor does it involve the ease of 
obtaining a good surface. The G-ratio is 
explained more fully in the article ""Princi- 
ples of Grinding" in this Volume. 

In Table 48, a few data are included for 
the use of plain water or air. All the grinding 
fluids were at 10% concentration. which is 














Table 47 Identification and 
classification of grinding fluids 
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Table 48 Effect of fluid on the 
grinding ratio of four heat-resistant 
alloys 
































кыа Remarks 
T Grinding ratio obtained for: — 
Soluble-oil emulsions (regular) 10.500. 43-1570. 3-1570 HS- 
Contains soap эмчи ————,| 
Contains soaps and fatty materials жу Sey 
S3... Emulsified kerosene — = 
Sd... Contains soap: a brand different from that in S1 Ax 16 
Soluble-oil emulsions (heavy-duty) 39 15 
НІ... Contains sulfur and chlorine м 
H2... Contains sulfurized fats; designed for stainless 13 
steel T 
H3... Contains sulfur and extreme-pressure additives, 13 
high percentage of fats 13 р 
H4... Contains fatty materials, synthetic soaps: 11 4 
designed for stainless steel 12 
HS... . Contains lead additive but no sulfur or chlorine 14 
Chemical (synthetic) solutions Ma iz 
Ст... Contains 35% potassium nitrite (КМО) before S4. p" 13 
dilution for use Aib). iu 09 12 
Contains 40% sodium nitrite (NaNO.) before Water... bus 7 





dilution for use: no organic compounds 
C3... Contains a moderate percentage of sodium 
nitrite 

Based on synthetic wax 

+ Synthetic lubricant and sulfurized fatty acid 
Same as CS but without sulfur 

Contains fatty acid 

Same as C7. with ionic additive 















Grinding oils 


СП... Transparent sulfochlorinated grinding oil 
containing fats. 4% sulfur and 2% chlorine 
(both active); viscosity, 230 sus at 40 °C 
(100 °F) 

G2... Dark sulfochlorinated grinding vil containing 
fats, 3% sulfur and 0,5% chlorine (both 
active): 190 SUS at 40 °C (100 ^F) 

Gà... Inactive grinding oil containing fats. no added 
sulfur or chlorine: 300 SUS at 40 “С (100 °F) 









higher than normal. The magnitude of im- 
provement in G-ratio caused by grinding 
fluid increases with the concentration. 

Grinding dry proved less satisfactory 
than grinding with most of the water-base 
fluids, and grinding with plain water result- 
ed in a very low G-ratio. The highest ratios 
(greatest ease of grinding) were obtained 
with synthetic fluids containing nitrite ions 
in considerable quantity. Detailed informa- 
tion on grinding fluids can be found in the 
article " Metal Cutting and Grinding Fluids” 
in this Volume. 


Surface Grinding 

Table 42 lists conditions for the surface 
grinding of heat-resistant alloys with 
straight wheels. The major differences 
among alloy groups are in wheel speed and 
cross feed. 

Usually, an increase in wheel hardness 
causes an increase in the G-ratio and the 
grindability index. Although wheel speed 
can exert an important influence on the 
G-ratio in grinding certain alloys, the effects 
of changes in down feed, cross feed, and 
traverse speed are variable. Data on the 
effects of speed and feed on the G-ratio of 
various heat-resistant alloys in surface 
grinding are shown in Fig. 16 and 17. 





{a} 10% concentration: see Table 47 for identification of fluids. (b) 
Dry grinding. 





Wheel Speed. As Fig. 16(a) shows, the 
G-ratio decreased only moderately (or not 
at all) for all alloys shown, except HS-21. 
when wheel speed was reduced from 1800 
to 1200 m/min (6000 to 4000 sfm). Reduc- 
tions in speed below 1200 m/min (4000 sfm), 
however, resulted in a more precipitous 
drop in the G-ratio. The only exception, 
alloy HS-21, responded like carbon or low- 
alloy steel in that the G-ratio decreased 
continuously with decreases in wheel speed 
from 1800 to 600 m/min (6000 to 2000 sfm). 

Decreasing the wheel speed is one way to 
reduce grinding heat and the probability of 
workpiece cracking. Thus, it is possible to 
minimize cracking in these alloys by grind- 
ing them at 1200 m/min (4000 sfm) without 
significantly increasing wheel wear for a 
reasonable grinding rate. 

Down Feed. The effects of changes in 
unit down feed on the G-ratio (Fig. 16b and 
c) indicate that no consistent influence is 
exerted by this variable. In some tests, the 
G-ratio decreased, rapidly or slowly, with 
larger down feed in others, it 
remained nearly constant or increased slow- 
ly. The curve for HS-31 went through a 
maximum at a unit down feed of 0.05 mm/ 
pass (0.002 in./pass), and it may well be that 
HS-21 would have shown the same behav- 
ior had it been tested at down feeds of less 
than 0.05 mm/pass (0.002 in./pass). The 
G-ratio for the U-500 alloy was reduced by 
more than half—from 13.5 to 6—as the 
down feed increased from 0.025 to 0.125 
mm/pass (0.001 to 0.005 in./pass). 

Cross Feed. The effect of cross feed on 
the G-ratio was not significant for HS-31 
and J-1570 alloys, as shown in Fig. 17(a). 
The scatter of test results obtained with 
HS-31 makes it difficult to determine 
whether the slight downward trend to the 
right shown for both alloys is significant. A 
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Effects of wheel «speed and down feed оп 

Fig. 16 эе grinding ratio: (a) HS-21, A-286, 

HS-31, and J-1570 alloys. (b) HS-31, HS-21, M-252, 

5-816, A-286, and J-1570 alloys. (c) Udimet 500 alloy 
(solution treoted and aged) 


more pronounced effect of cross feed on the 
G-ratio for Udimet 500 is shown in Fig. 
17(b). 
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Cross feed, in./pass 





























































































































0 0:100 0200 030 
20 
8 
10 HS-31 = 
$ а Wheel: A60J8V —] 
БЕ Fluid: C2 4 
а | 4.1570 
2 
0 12 25 37 50 625 75 875 
Cross feed, mmipass 
fa) 
Cross feed, in./pass 
0 010 0200 030 
a JE жй, 
Wheel: AaSHBV 
o 15 Wheel speed: 30 m/s 
$ M Table speed: 12 m/min 
T. Down feed: 0.025 mm/pass 
о № Fluid: Highly sulfurized oil 
plus light machine oil (1:1) 
5 
0 1% 28 375 50 625 75 875 
Cross feed, mm/pass 
(Ы 
Traverse speed, ftimin 
0 w w w w 5 s m 
100 
60 ES 
60 ~ 
“в 
20 
g 
5 № 
à 8 
D 
4 
Alloy Fluid Down feed 
2 о A286 G2 0.05 mmipass | 
e HS-3) C2 0.04mm/pass 
^ J-1570 C2 0.04 mmipass 
1 eee р nac 
зза з 2 в w т 
Traverse speed, mimin 
te) 
Fig. 17 Effects of wheel speed and down feed on 
g. surface grinding ratio. (a) HS-31 and 


J-1570 alloys. (b) Udimet 500 alloy. (c) A-286, Н-31, 
and J-1570 alloys. See Toble 47 for grinding fluid 
description, 


Traverse speed, as shown in Fig. 17(с). 
had relatively little effect on G-ratio when a 
water-base grinding fluid was used; howev- 


er, there was a considerable decrease in the 
G-ratio with increasing traverse speed when 
A-286 was ground with an oil. It is question- 
able whether this difference in behavior 
should be attributed to the alloy or the 
grinding fluid. However, reducing the tra- 
verse speed raises grinding temperature and 
introduces the possibility of damage to the 
work surface. 


Other Methods of Grinding 


Conditions for grinding heat-resistant al- 
loys by cylindrical, centerless, and internal 
methods are given in Tables 43 to 45. These 
three methods are discussed in the article 
"Grinding Equipment and Processes" in 
this Volume. 

Abrasive belt grinding operatio: 
heat-resistant alloys use either resi 
serrated rubber bond Al;O, or Al;O;ZrO; 
wheels with a grain size of 40 to 80 for 
roughing and 100 to 240 for finishing. The 
hardness (durometer scale) is 70 to 95 for 
roughing and 20 to 60 for finishing. Grinding 
is usually done wet, using a soluble-oil 
emulsion, synthetic solution, or sulfurized 
oil. The use of this method on vanes for the 
first stage of a turbine nozzle is described in 
the following example. 

Example 15: Removal of Coating From 
Turbine Vanes. Investment cast turbine 
nozzle vanes made of HS-31 alloy were 
ground to remove the antioxidation diffu- 
sion coating from the tip-skirt and root- 
skirt sections (Fig. 18). Grinding was done 
in a turbine blade airfoil grinder equipped 
with a cloth-backed abrasive belt operat- 
ing over a 25 mm (1 in.) diam contact 
wheel. The vanes were ground singly in a 
mechanical fixture. Each vane weighed 
21.65 g (0.764 oz) before grinding and 
20.25 g (0.714 oz) after. Processing data 
are given in Fig. 18. 


Grinding Mechanically 
Alloyed Products 


Mechanically alloyed products can be 
economically machine ground and present 
no problems with regard to stock removal. 
For example, in terms of grindability, In- 
conel Alloy MA 6000 is considered similar 
to Inconel Alloy 718 but less abrasive than 
IN-738. When grinding is to be the finishing 
operation and the material to be removed is 
not too great, all the work can be done on a 
grinding machine, using roughing and fin- 
ishing steps. If an extremely accurate 
ground finish is required, particularly if the 
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-Workpiece / 






Roo! skirt 


Tpsun 


(o) (b) 








Belt type. ‘60-grit ALO, resinoid 
bond(a) 


Belt size, mm (in.). 15 х 2285 (Ук x 90) 


‘Operating conditions 


Belt speed, mis (sfm) .. 


0. 30 (6000) 
Metal removed, mm/side 





(in./side) 
Root skirt .......... ++ +1 ++ 040 (0.01506) 
Tip skirt. . a +, 0.30 (0.01206) 
Grinding fluid ..............-. None 
Production rate. s/piece ....... 93d) 
Belt life осоо со. 15 root skirts or 10 tip. 
skirts 


(a) Low-fexibility, heavy-duty belt. (b) 0.65 g of metal removed, 
їс) 0.75 g of metal removed. (d) Each piece required 33 s for the 
root end and 60 s for the tip end. 


Fig. 18 





Belt grinding of root and tip skirts of 
HS-31 turbine nozzle vanes 


metal is of hard temper, it is advisable to 
remove the workpiece from the lathe or 
grinder after the next-to-last cut or grind 
and to set it aside for a day or two. This rest 
period allows sufficient time for the work- 
piece to adjust to any residual stresses 
present, possibly resulting in slight distor- 
tion, so that the piece can then be finish 
ground without danger of further distortion. 

Wheels should be sufficiently soft to yield 
a moderate rate of metal removal. Hard 
wheels are likely to embed abrasive grains 
in the metal being ground. Aluminum oxide 
wheels with a grain size between 36 and 60 
are commonly used. Grinding conditions 
should be severe enough to yield a slight 
breakdown action—for example, roughing 
cut of 0.01 mm (0.0004 in.) and finishing of 
0.005 mm (0.0002 in.). A stream of soluble 
grinding lubricant should flow onto the met- 
al. The oil produces a better finish, keeps 
the wheel from loading. reduces the fre- 
quency of dressing the wheels, and allows 
grinding to closer limits. Speeds and feeds 
are similar to those for wrought nickel-base 
alloys. 











Machining of Aluminum and 
Aluminum Alloys 


ALUMINUM ALLOYS can be ma- 
chined rapidly and economically. Because 
of their complex metallurgical structure, 
their machining characteristics are superior 
to those of pure aluminum. 

The microconstituents present in alumi- 
num alloys have important effects on ma- 
chining characteristics. Nonabrasive con- 
stituents have a beneficial effect, and 
insoluble abrasive constituents exert a det- 
rimental effect on tool life and surface qual- 
ity. Constituents that are insoluble but soft 
and nonabrasive are beneficial because they 
assist in chip breakage; such constituents 
are purposely added in formulating high- 
strength free-cutting alloys for processing in 
high-speed automatic bar and chucking ma- 
chines. 

In general, the softer alloys—and, to a 
lesser extent, some of the harder al- 
loys—are likely to form a built-up edge on 
the cutting lip of the tool. This edge consists 
of aluminum particles that have become 
welded to the tool edge because they were 
melted by the heat generated in cutting 
Edge buildup can be minimized by using 
effective cutting fluids and by employing 
tools with surfaces that are free of grinding 
marks and scratches. 

Alloys containing more than 10% Si are 
the most difficult to machine because hard 
particles of free silicon cause rapid tool 
wear. Alloys containing more than 5% Si 
will not finish to the bright machined sur- 
faces of other high-strength aluminum al- 
loys, but will have slightly gray surfaces 
with little luster, Chips are torn rather than 
Sheared from the work, and special precau- 
tions (such as the use of lubricant-contain- 
ing cutting fluids) must be taken to avoid the 
buildup of burrs on cutting edges. 








Classification of 
Aluminum Alloys 


Cast, wrought, strain hardenable, and 
heat treatable are the four major classifica- 
tions of aluminum alloys. Machinability 
groupings are also used. 

Cast alloys containing copper, magne- 
sium, or zinc as the principal alloying ele- 
ments impose few machining problems. 




















A A 
B B 
c с 
D D 
E E 
Machinabilty Feed, mmrev (in./rev) 
rating Alloy Lent photo Right photo 
Aici 2011-T3 120 0.066 0.152 
(400) (0.0026) (0.0060) 
B 2024-T4 ю 0.152 0264 
(100) (0.0060) (0.0104) 
с н ‚+ 6061-T6 120 0.152 0.264 
(400) (0.0060) (0.0104) 
D . 3004-H32 n 0.152 0.264 
(400) (0.0060) (0.0104) 
E MO-Hi2 120 0.152 0264 
(400) (0.0060) (0.0104) 
Fi Typical chips for machinability ratings A to E 
9. 1 (Table 1) for aluminum alloys. All chips were. 


made with 20° rake tool and 2.54 mm (0.100 in.) depth 
of cut. 


Tools with small rake angles can normally 
be used with little danger of burring the part 
or of developing buildup on the cutting 
edges of tools. Alloys having silicon as the 
major alloying element require tools with 
larger rake angles, and they are more eco- 
nomically machined at lower speeds and 
feeds. 

Wrought Alloys. Most wrought alumi- 
num alloys have excellent machining char- 
acteristics; several are well suited to multi- 
ple-operation machining. A thorough 
understanding of tool designs and machin- 
ing practices is essential for full utilization 
of the free-machining qualities of aluminum 
alloys. 

Strain-hardenable alloys (including 
commercially pure aluminum) contain no 
alloying elements that would render them 
hardenable by solution heat treatment and 
precipitation, but they can be strengthened 
to some extent by cold work. In machining, 
a continuous chip is formed that must be 
directed away from the workpiece by tools 
with generous side and back rake angles, 
thus preventing scratching of the finished 
surface with the work-hardened chips. 
These alloys machine easily, although tool 
pressures are high as a result of high fric- 
tion. To obtain good surface finish, sharp 
tools are mandatory because the alloys are 
gummy. Machinability is improved by cold 
working; alloys in the full-hard temper are 
easier to machine to a good finish than those 
in the annealed condition. 

Heat-Treatable Alloys. Most of the al- 
loys of this group contain fairly high per- 
centages of alloying elements such as cop- 
per, silicon, magnesium, and zinc. They can 
be machined to a good finish with or with- 
out cutting fluid, but a cutting fluid is rec- 
ommended for most operations. Turnings 
usually occur as long, continuous curls, 
except for the free-machining alloys, which 
contain chip-breaking constituents. Heat- 
treatable alloys are more machinable in the 
heat-treated tempers than in the softer as- 
fabricated or annealed solution. 

Machinability groupings for aluminum 
alloys are useful in specifying tool forms. 
For this purpose, alloys are classified into 
five groups: A, B, C, D, and E, in increasing 
order of chip length and in decreasing order 
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Hardness HB Hardness, HB 
Alloy (S00 kg load,  Machinsbility Alloy (500 ке kad, Machinability 
designation. Temper Product form 10 mm ball) Taünga) designation Product form 10 mm bal) rutingia) 
1060... O Extruded rod, bar, 19 E ТТТ ET Sheet, plate; welding wire 38 D 
H12 extruded and drawn n E and rod 67 р 
н tube, pipe 26 D 73 с 
H16 30 D 78 с 
Hig 35 D 80 [а 
00,0 Sheet, plate: rolled and 2 E 63 D 
HI extruded rod, bar; 28 E 5252. Sheet 68 C 
н extruded and drawn 32 D 75 С 
нів tube, pipe: other 38 D $54. Sheet, plate 58 D 
HIS 4 D 67 D 
e E, i | Rod, bar, tube, pipe 95 A n [^ 
T8 100 A 78 б 
BI corse Plate, rod, bar. tube, pipe: 45 D 80 с 
T4 other 105 B 63 D 
T6 135 B быра Н25 — Sheet 2 C 
BUI censis о Rolled rod, Баг; other 45 б Нов а С 
та 105 B 5381... о Sheet, plate 32 D 
2018. Tél Forging stock 120 B H25 50 c 
2024 о Sheet, plate, rod, bar, tube. 47 D H28 55 с 
тз pipe; other no B i. ME о Sheet, plate: other 62 D 
T4 120 B unm 7 D 
тв! 130 B H34 st c 
2025. Té Forging stock 10 B нп 70 D 
217 T4 Rivet wire, rod 70 с ни? 62 D 
2218 T72 Forging stock 95 B 84%... o Sheet, plate; extruded rod 70 D 
219. о Sheet, plate; extruded rod, U + HIN Баг; extruded tube. pipes 75 D 
TA bar; extruded and drawn. ee Ue HII2 forgings 10 D 
35! tube, pipe: forging stock 100 B нив 90 D 
TM n7 B r EETA] Sheet 32 E 
тв? "us B 48 e 
TRS 130 B 55 с 
130 B 5557. Sheet x E 
2618 Forgings ns B H25 46 D 
3002 Sheet 25 U H28 55 D 
L Ue С ЖИИ iO Sheet, plate 47 D 
398... 0 Sheet, plate; rolled and 28 E H32 D 
н? extruded rod, bar: 35 E 68 c 
НІА extruded and drawn 40 D 13 € 
нів tube, pipe; other. М р т c 
ніз 55 р 5657 Sheet 40 D 
эм... “@ Sheet, plate; drawn tube, 45 D 50 р 
pipe E D Extruded rod, bar 95 Га 
63 c Sheet, plate, rod, bar. tube, 30 D 
70 б pipe: forging: other 65 с 
т с 95 с 
4032 Forging stock 120 B 6063 Extruded rod. bar: 25 D 
5005 Sheet, plate; rolled rod and 28 E extruded and drawn 2 D 
bar: other 36 E tube, pipe 60 D 
а D 60 с 
46 р 73 с 
sl D 2 c 
36 E тюз! 70 € 
а р тїз? 95 С 
46 D 6966 .. Extruded rod, bar; forging 5 D 
я D stock 90 с 
5050 ......... О Sheet, plate: drawn tube, 36 E 120 B 
H32 pipe 46 D 6070 . Rod. bar, tube, pipe 120 c 
H34 53 D 6151. Forging stock 100 
H36 с 6262 . Rod, bar, tube. pipe 120 B 
H38 63 Е 6462. Extruded rod, bar: 42 р 
5052... 0 Sheet, plate: rolled rod, 47 D extruded and drawn 60 с 
H32 bar; drawn tube, pipe: 60 D tube. pipe 14 È 
H34 other 6 E 6951 Sheet 28 : 
H36 B c 82 es 
H38 т с Extruded rod, Баг 60 B 
[o LO Rivet rod, wire 65 D 160 B 
HIR 105 с Rod, bar, tube. pipe E 
H38 100 e Sheet, plate, rod, bar, tube. 60 D 
5083... 0 Sheet, plate, rod, bar. tube, 67 D pipe; forging stock 150 B 
H321 pipe. forgings 82 D Sheet, plate, rod. Баг, tube, Е E 
SURG „ае Sheet, plate: extruded rod, 6o D pipe: forging stock MS B 
H32 bar; extruded and drawn n D BB e о Sheet, plate. rod, bar, tube, 60 ee 
H34 tube, pipe 82 С тв pipe 160 B 
нит 64 D T76 * a 
8280 . 0 Sheet, plate B 
н? А 


(a) А. В, C, D, and E аге relative ratings i 


increasing order of chip length (see Fig- 1) 


easily broken chips and good-to-exccllent finish: C, continuous chips and good finis 
control of chip and finish. Source: Ref I 


and decreasing order of quality 
D. continuous chips and satisfactory finish: E, optimum tool 


of finish, A, free cutting, very small broken chips and excellent finish: В, curled or 
j design and machine settings required lo obtain satisfactory 














Machining of Aluminum and Aluminum Alloys / 763 


Table 1(b) Machincbility ratings of cast aluminum alloys 










































Hardness, HB. Hardness, HB 
Alloy (500 kg load, —— Machinability Alloy (500 kg load, Machinabitity 
designation Temper Casting type. 10 mm ball) ralingía) ‘designation Temper Casting type 10 mm ball) ratingía) 
208. Sand 55 B A356... Permanent mold 80 
2 кы Permanent mold 85 . Permanent mold 80 B 
2 Permanent mold 100 357 Permanent mold 5 
Permanent mold ns : Permanent mold m 
Permanent mold 140 ee Sand 90 B 
ree Permanent mold 100 B Permanent mold БЫ B 
A240 F Sand 90 А Sand 60 3 
р жен Sand : EE Permanent mold 70 
Sand т B A357.. Sand 85 
Sand 85 B Permanent mold 85 
Permanent mold 105 B B3B. Permanent mold 9 в 
Permanent mold тю B Permanent mold . 
Sand 75 B 39... Permanent mold 90 
AZZ ieee Sand 70 ee Permanent mold 100 B 
[ Sand 60 B F Die 75 c 
Sand 75 B .Е Dic 75 c 
T62 Sand 90 B F Die . C 
B25........ Т4 Permanent mold. 75 B F Die 80 n 
T6 Permanent mold. 90 B F Die 80 B 
T7 Permanent mold 80 B F Die C 
E RENE: Permanent mold. 70 B „Е Die 120 tee 
318... see P Sand, permanent mold 70 c BF Sand 100 
TS Sand 80 B Р Permanent mold по 
T6 Sand 80 B TS Sand 100 
T6 Permanent mold 95 в TS Permanent mold 110 
ГОИ TH Permanent mold 105 c T6 Sand 140 
T65 Permanent mold 125 B T6 Permanent mold 145 
F332 Permanent mold 105 с T7 Sand 115 
333 Permanent mold с T7 Permanent mold 120 : 
TS Permanent mold 100 B 413. F Die 80 E 
T6 Permanent mold 105 B A413 wF Die ко ete 
T Permanent mold 90 B 443 F Sand 40 Е 
‘ToL Permanent mold 100 B F Permanent mold 45 E 
T62 Permanent mold 110 B F Die 50 E 
2. NE F Sand tee tU A444 .F Sand “+ was 
T$ Sand 65 B F Permanent mold 44 e 
T51 Permanent mold 75 B T4 Sand ee à 
T6 Sand 80 B T4 Permanent mold 45 Dis 
тв Permanent mold 90 B 54 Е Sand 50 B 
Тв! Sand 90 B ASIA F Permanent mold 60 B 
Permanent mold 105 B F Di "t B 
Sand 85 B B514 p and 50 "t 
Permanent mold 85 B FSI. E Sand 50 в 
Sand 75 B LS uuu Е Die uer "e 
Permanent mold 85 B 518... E Die 80 B 
Sand 85 t 520........ Т4 Sand 75 B 
Permanent mold 90 d ET MEAN К Sand 70 une 
Permanent mold. 100 B А535 .F Sand 65 B 
Sand z . B535 uF Sand 65 A 
Permanent mold e 705 F Sand 65 B 
Sand e e 707........Е Sand 85 n 
Permanent mold ШЫ с A712... F Sand 75 B 
T6 Sand 70 с Ст12.. Е Permanent mold 70 B 
T6 Permanent mold. 90 с D712 E Sand 75 B 
T Sand 75 с 73.. «E Sand 75 B 
n Permanent mold 70 [4 850. 15 Sand AS A 
171 Sand 60 с TS Permanent mold 45 А 
A356... F Sand + e A850. Р Sand, permanent mold 45 A 
КЕД Sand L e В850........ TS Sand 65 A 
T6 Sand 15 ee TS Permanent mold 70 A 


(a) A. B. C, D. and E are relative ratings in increasing order of chip length (see Fig. 1) und decreasing order of quality of finish. A. free cutting, very small broken chips and excellent finish: B, curled or 
easily broken chips and good:-to-excellent finish: C. continuous chips and good finish: D. continuous chips and satisfactory finish: E optimum tool design and machine settings required to obtain satisfactory 


control of chip and finish. Source: Ref 1 





of finish quality, as defined in the footnotes 
of Tables (а) and 10). Ratings for most 
commercial aluminum alloys are given in 
Tables а) апа 1(b), and typical chips for 
each rating are illustrated in Fig. 1. 


Cutting Force and Power 


The cutting force, and therefore the 
power, required to machine aluminum 


is less than might be expected on the ba- 
sis of its mechanical properties. Although 
the cutting force required to machine simi- 
lar metals is often in direct proportion to 
tensile strength, this proportion is not 
necessarily valid with dissimilar metals. 
For example, the common mechanical prop- 
erties of 2017-T4 aluminum alloy and of 
hot-rolled low-carbon steel are quite simi- 
lar (Table 2), but as Fig. 2 shows, the 


cutting force required in turning aluminum 
is only about 35% of that required in turn- 
ing low-carbon steel. Consequently, as 
shown in Fig. 3, the number of cubic milli- 
meters of metal that can be removed per 
minute per unit kilowatt expended is 
approximately three times as great for 
aluminum alloy 2017-T4 as for hot-rolled 
low-carbon steel of closely similar tensile 
strength. 
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Table 2 Comparison of common 
mechanical properties of 2017-T4 
aluminum alloy and hot-rolled 
low-carbon steel 








Aluminum Hotrolled 
aloy low-carbon 

Mechanical property 2017-14 steel 
Tensile strength, MPa (ks)... 440 (63.8) 449 (65.2) 
0.2% yield strength, 

MPa (ksi) .... .. 278 (40.3) 277 (40.242) 
Elongation in four 

diameters, % ,.. < 260 32.7 
Shear strength, MPa (ks 279 (40.5) 324 (47.0) 





Hardness, HB 
500 kg. 10 mm ball........ 113 по 
3000 kg, 10 mm ball ,...... 132 128 


(à) Yield point 15 309 MPa (44.8 ksi). 





Selection of 
Alloy and Temper 


An application often dictates the use of a 
specific alloy or temper or both. Under 
these conditions, composition cannot be 
changed for the sake of improving machin- 
ability. However, there is often a marked 
difference in machinability among different 
tempers of the same alloy. Therefore, it 
may be feasible to do some or all of the 
machining operations with the alloy in the 
most favorable condition for machining and 
then to convert the alloy to the temper 
specified for the end use. 

For some applications, two or more al- 
loys are equally acceptable. Under these 
conditions, machinability can be a major 
consideration in making the final selection. 
For example, high-strength, free-cutting al- 
loy 2011 can be machined to an excellent 
surface finish at high speed and feed, with a 
low rate of tool wear. The chips formed are 


finely broken. Alloy 2011 is therefore rec- 
ommended for all general and high-produc- 
tion machining where a free-cutting alloy is 
desired. Alloy 2011 is especially desirable 
for multiple-operation machining, mainly 
because it machines with a broken chip. 
Stock for multiple-operation machining is 
also available in alloys 2017, 2024, 6061, and 
6262 in several heat-treated tempers. 

Alloys 2024-T4, 2017-T4, and 7075-T6 
produce continuous chips that must be bro- 
ken by a chip breaker in the tool. Alloys 
6061-T6 and 5056-H38 are slightly more 
difficult to machine, and they produce chips 
that are difficult to control. The softer al- 
loys 5052, 3003, and 1100 are likely to 
produce gummy chips. Wrought alloy 4032 
and cast alloys 220, 13, and A132 are quite 
abrasive, and high rates of tool wear result. 
The following example describes an appli- 
cation in which a change to an alloy and 
temper having better machinability im- 
proved results. 

Example 1: Change of Alloy 6061-T6 
to 6262-T9 to Improve Machinability of 
Hexagonal Nut. When alloy 6061-T6 was 
used for a hexagonal nut (Fig. 4), a lead of 
three threads chamfer on the tap form was 
required to produce a thread without tear- 
ing. A length of 4.8 mm (%s in.) had to be 
cut off after tapping. After changing to the 
freer-cutting 6262-T9, lead was reduced to 
1% threads, so that only 3.2 mm (! in.) had 
to be cut off. Material savings was 8.596. 
Because 6262-T9 produced fewer burrs on 
the tapped threads, frequency of tool grind- 
ing was reduced. 

With 6061-T6, the workpiece before tap- 
ping weighed 0.0254 kg (0.0560 Ib), and with 
6262-T9, it weighed 0.0232 kg (0.0512 Ib). 
Production rate was 890 pieces per hour 
with both alloys. 
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Fig. 2 The efect of teed on cutting force for 
19. Ё low-carbon steel and aluminum alloy 2017- 
Т4 with comparable mechanical properties 


Bar Versus Tubing 


Many parts can be machined equally well 
from either bar stock or tubing. When either 
of these product forms can be used, cost per 
piece machined is the determining factor. 
Initial cost of bar versus tube, cost of addi- 
tional machining to make the part from bar 
stock, and value of the additional scrap that 
results from machining bar stock must be 
considered to determine cost. Because of 
the high cost of producing small tubing, 
total cost per piece machined may be great- 
er when tubing of small sizes (less than 
about 32 mm, or 1 in., in diameter) is 
used. For parts requiring a diameter greater 
than 32 mm (1% in.), tubing is usually less 
expensive. 





General Machining 
Conditions 


Power requirements for machining are 
proportional to speed and cutting force, and 
the power lost in the bearings and gears of 
the machine increases with speed. Power 
requirements for machining aluminum de- 
crease somewhat as the rake angle of the 
cutting tool is increased. Table 3 lists typi- 
cal power requirements for several wrought 
and cast alloys, as measured at the cutter 
with single-point tools having 0 and 20° rake 
angles. 

The cutting force for aluminum alloys 
can vary widely at low speeds, such as 30 to 
60 m/min (100 to 200 sfm), rising momen- 
tarily to peak values several times higher 
than normal. At higher speeds, the cutting 


Orgincl alloy 
6061-Т6 

Cranger *o: 
6262-19 


| theead 





Fig. 4 Нехозопо! nut for which a change from alloy 
J- ^ 6061-16 to 6262-19 resulted in a savings of 
material and less burring of the tapped thread. Dimen- 
sions given in inches 
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Table 3 Power requirements for machining aluminum alloys Speed, stm 
200 400 600 800 1000 
[ теке —— d 20 rake 1 Teo WT. TT T UT "d 
Alloy (iwm min па“ pind алмакка) x 007“ pin mia Tools: high-speed steel 
1330 + Tool form: ASA 1300 
FIX-TS 0.16-0.32 0.20-0.40 0.20-0.50 0°, 0°, 7°, 159, 15°, 
А ‚ 0.20-0.36 0.25-0.45 0.30-1.00 0.40 mm 
2011-73 0.12-0.20 0.15-0.25 0.20-0.30 1110 Feed: 0 264 mm/rev 1250 
204-351 ‚ 0.16-0.32 0.20-0.40 0.30-0.50 | Depth of cut: 2.54 mm 
6061-7651... ‚ 0.20-0.28 0.25-0.35 0.30-0.50 . 
2 890 200 5 
$ 6061-7651 g 
$ 670 2024-T3514150 2 
Table 4 Design of single-point tools for machining aluminum alloys of A £ 2 
and B machinability ratings З 445 ES = 8 
= 3 \ \ 356-751 | 
тре ; ; [os i an [As 
Tool details Roughing Fi Roughing Finishing d % 
Back rake, дергеех................ 20 20 20 20 
Side rake, degrees ‚20 20 20 20 * " 
End relief, degrees ..... 210 10 7 7 
Side relief, degrees... + 10 10 7 7 = WO 079. MS a $58 
End cutting edge, degrees........ 5 5 5 5 Speed, т/тип 
Side cutting edge, degrees 110 0 10 0 _ 
Nose radius, mm (in.) 1.6 (0.063) 5.1 0.20) 1.6 (0.063) $1029 Fig, 5 The effect of speed on cutting force for five 





force for machining 2011-T3 alloy rises 
slightly with increasing speed, but for most 
alloys it decreases. The overall effect of 
speed on cutting force is small. As speed 
increases up to about 300 m/min (1000 sfm), 
cutting force changes slightly; above 300 m/ 
min (1000 sfm), the effect of speed is negli- 
gible. Increasing the speed does not pro- 
duce much more heat, but it does shorten 
the time available for removing the heat 
from the tool. The effect of speed on cutting 
force for several aluminum alloys is plotted 
in Fig. 5. Heating of tool surfaces is not 
sufficient to have a harmful effect on a 
high-speed steel tool until the speed ex- 
ceeds about 215 m/min (700 sfm). High- 
speed steel can be used for speeds well 
beyond this limit, but carbide tools are 
recommended for long tool life. 

The cutting speed for aluminum alloys is 
determined by the limits of the machine tool 
and by the workpiece. Speeds as high as 
4600 m/min (15 000 sfm) have been used in 


aerospace applications (see the article 
"High-Speed Machining" in this Volume). 
Even higher speeds have been achieved 
with experimental equipment. However, in 
most practice, mainly because of the limita- 
tions imposed by available spindle speed, 
available horsepower, and dynamic balance 
of the part, machining speeds are seldom 
higher than 900 m/min (3000 sfm) and they 
are more commonly less than 300 m/min 
(1000 sfm), as indicated by the examples in 
this article. 

Cutting speed should be as high as i: 
practical in order to save time and to mini 
mize temperature rise in the part, as de- 
scribed in the section "Thermal Expan- 
sion" in this article. As cutting speed is 
increased above 30 to 60 m/min (100 to 200 
sfm), the probability of forming a built-up 
edge on the cutter is reduced, chips break 
more readily, and finish is improved. 

Depth of cut should be as great as 
possible within the limits of part strength, 








Table 5 Current machining practice for 390 aluminum alloy 


aluminum alloys 


chucking equipment, power of the ma- 
chine tool, and amount of stock to be re- 
moved in order to minimize the number 
of cuts required. As depth of cut is in- 
creased, cutting force increases. Depth 
of cut must be limited to a value that will 
not distort the workpiece or cause it to 
slip, nor overload the machine. Depth of 
cut in roughing may be as high as 6.35 mm 
(0.250 in.) for small work or up to 38.10 
mm (1.500 in.) for medium or large work. 
At the opposite extreme, depth of cut in 
finishing is often less than 0.635 mm (0.025 


in.). 

Feed will depend on the finish desired and 
on the strength and rigidity of the workpiece 
and of the machine, Finishing cuts require a 
light feed of 0.05 to 0.15 mm/rev (0.002 to 
0.006 in./rev); rough cuts may use a feed of 
0.15 to 2.03 mm/rev (0.006 to 0.080 in./rev). 
Alloys with machinability ratings of D and 
E are best machined with a feed in the lower 
end of the range. 














Speed, Depth 
Operation Toot mm/min (sfm) Feed mm (in.) Coolant 
Turning... ‚ Tungsten carbide, with J polish 30-150. 0.13-0.51 mm/rev 0.13-5.1 Soluble oil (20:1) 
(SPG 422 insert) (100-500) (0.005-0.02 in./rev) 40.005-0.20) 
Diamond (SPG 422 insert) 310-910 0.08-0.38 mm/rev 0.13-3.8 Soluble oil (20:1) 
(10003000) (0.003-0.015 in./rev) (0.005-0.15) 
Milling Tungsten carbide, C-2 or C-3, 10° 99-175 0.10-0.30 mm/tooth 0.13-5.1 Soluble oil (15:1) or dry 
rake, 7-15° shear (325-575) (0.004-0.012 in./tooth) (0.005-0.20) 
Diamond, 5-10* rake, 7-15° shear 400-790. 0.10-0.20 mm/tooth 0.20-1.0 Soluble oil (15:1) or dry 
(1300-2600) (0.004-0.008 in./tooth) (0.008-0.040) 
Drilling. High-speed steel, high helix 20 381 mm/min 6 X diam Soluble oil (20:1), 19 Limin (5 
(70) (15 іп./тіп) gal./min) at 170 kPa (25 psi) 
‘Tungsten carbide tipped, coolant fed 90 508 mm/min 6 х diam Soluble oil (20:1), 34 L/min (9 
(300) (20 in./min) gal./min) at 3.4 MPa (500 psi) 
Tapping . Form taps, with four lobes 20 By pitch 6 x diam Soluble oil (20:1), 19 тіп (5 
(70) gal./min) at 170 kPa (25 psi) 
Broaching . Tungsten carbide. 0° shear, 5° rake 45 229 mm/min 9.13 Soluble ой (20: 1) or dry 
(150) (9 іп./тіп) (0.005) 


Source: Ref 2 
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Table 6 Cutting fluids for aluminum 


с Metals and Alloys 




















Туре of lubricant Principal ingredients Viscosity range Application: maintenance. Relative effectiveness Necessary precautions 

Mineral oils Mineral oil, lard, or 40 SUS at 40°C Gencrous flow at all Good lubricity and chip. Control air above oil where 
(fatty-additive type neats-foot oil: oleic acid (100 ^F) for cutting edges; keep flushing; fair cooling; mist application endangers 
preferred) or butyl stearate high-speed machining recirculating fluid excellent finish as shop air; remove oil from 

to 300 SUS for low clean and cool built-up edge is finished parts (also from 
speeds minimized chips to reclaim and reduce 
fire hazard). 

Soluble oils Soluble oil, petroleum Generally low Generous flow at all Good chip flushing: For high-speed machining, 
(emulsions) (3-S% sulfonate emulsifying cutting edges: keep lubrication adjustable cooling is more important 
soluble oil in water) agents, water (oil is ге yg Пий by varying than lubrication: where 

added); rust inhibitor, clean; cool when concentration; emulsion is applied as mist, 
germicide, stain inhibitor necessary. excellent cooling: keep oil content as low as 
good finish possible to reduce air and 


Aqueous chemical 
solutions 


Water: soluble synthetics 
(usually clear); 
sometimes, fatty 
materials; rust inhibitors; 
germicides 

Mineral compounds, animal 
fats, waxes, synthetics, 


Stick lubricants 


Source: Ref 1 


Generous flow at all 
cutting edges; keep 
recirculating fluid 
clean; cool as 
required. 

Applied as required to 
blades, wheels, 
disks, or files or to 
workpiece 


Generally low 





Various hardnesses 






Good chip flushing; 


Prevents the loading of 





shop contamination. 

Keep oil content low; control 
mist; consider cost 
(significantly higher than 
soluble-oil emulsions). 


excellent visibility of 
cut; excellent cooling; 
adjustable lubrication: 


good finish 

Application is intermittent, but 
should be monitored und 
made as required throughout 
run. 


abrasive surfaces or 
of teeth of saws and 
files 





Tool Design 


Tools intended for machining aluminum 
and its softer alloys should be ground to 
allow considerably more side rake and back 
rake than are customary when machining 
steel. Therefore, they approach the con- 
tours of tools designed for cutting hard- 
wood. The larger rake angles are recom- 
mended for finishing tools and for the 
machining of alloys that are not free cutting, 
especially the softer alloys, which require 
exceptionally acute and keen cutting edges. 
Smaller rake angles can be used for the 
free-cutting alloys and for roughing cuts, 
which require a sturdy tool for the heavier 
cuts and feeds employed. Suggested rake 





angles, as related to alloy machinability 
rating (Table 1), are: 











Rating. Rake ungle, degrees 
A 0-20 

B +20 

c 20-30 

D 40 

E 40 





Tool forms for machining aluminum al- 
loys with machinability ratings of A and B 
single-point tools are given in Table 4. 
Variations of these may be desirable, de- 
pending on machining conditions or shape 
of the workpiece. 











Fig. Ó typical spar mill defect at a section change. Courtesy of McDonnell Douglas Canoda, Ltd. 


Clearance angle is important to proper 
functioning of the tool. Too small a clear- 
ance will permit the side or heel of the tool 
to rub the work and generate heat, while too 
large an angle will cause the tool to dig into 
the work and chatter. This angle must be 
carried around the side of the tool that 
advances into the work. For most applica- 
tions, clearance angles of 6 to 10° are suit- 
able. The side rake angle imparts to the tool 
a slicing action that assists materially in 
shearing the chip from the stock. This angle 
is important and should be held within the 
ranges recommended in subsequent sec- 
tions of this article 

Cutting Edge Finish. For maximum per- 
formance, it is essential that tool cutting 
edges be keen, smooth, and free of grinding- 
wheel scratches, burrs, or wire edges. Keen 
edges can be obtained by finish grinding on 
a fine abrasive wheel and then lapping, or 
hand stoning with a fine oilstone. Neither 
the angles nor the contour of the cutting 
edge should be appreciably modified during 
tool finishing. 




















Tool Material 


Water-hardening tool steel, such as Wl, 
heat treated to 65 to 68 HRC, is an adequate 
cutting tool material when production runs 
are short and speeds are low. However, tool 
steels of this type soften rapidly if the 
temperature of the cutting edge exceeds 150 
°C (300 °F). In addition, tools made from 
water-hardening tool steel have low resis- 
tance to edge wear. 

High-speed steel tools arc generally sat- 
isfactory for machining all but the high- 
silicon alloys, which are quite abrasive and 
should be machined with carbide or dia- 
mond tools, unless runs are short. For short 
runs, high-speed steel is usually satisfacto- 
ry. Complexly shaped cutters such as twist 








drills, reamers and counterbores, taps and 
other thread-cutting tools, end mills and 
many other types of milling cutters, and form 
tools are widely used in turning operations. 
For general machining and for relatively 
short-run production, single-point tools of 
high-speed steel are also commonly used. 

Grade M2 high-speed tool steel is com- 
monly used in machining aluminum, al- 
though M7 is sometimes preferred because 
it is more suitable for fine-edge tools and is 
more abrasion resistant. Grade T2 is also 
used sometimes, as are high-speed steels 
containing cobalt. 

Carbide Tools. Because of the brittleness 
of the tool tip, the lip angle for carbide tools 
is usually greater than those recommended 
for high-speed steel tools in order to provide 
maximum support to the edge. This is indi- 
cated in Table 4, in which smaller relief 
angles are given for carbide tools. The rake 
angles can also be decreased to zero or 
negative to increase the lip angle, but neg- 
ative rake angles are generally not recom- 
mended. When very light finishing cuts are 
made, it is sometimes feasible to reverse 
this practice and use higher rake angles and 
smaller lip angles. 

Carbide tools retain sharp edges over a 
longer period between regrinds than carbon 
or high-speed steel tools, provided they are 
not used for heavy, intermittent cuts. A 
better finish is obtained because of the 
hardness of the tool tip compared to that of 
the stock. Carbide tools are particularly 
useful for machining high-silicon alloys, 
many of which cannot otherwise be ma- 
chined satisfactorily under production con- 
ditions. 

For longer production runs, cemented 
tungsten carbide tooling is generally the 
choice for machining low-silicon alloys and 
is often used for high-silicon alloys. The 
primary advantage offered by carbides in 
the machining of casily machined aluminum 
alloys is the greatly increased cutting speed 
possible compared to high-speed steel tool- 
ing—double or more the metal removal 
rates possible with the latter. 

Both brazed-tip and indexable inserts arc 
suitable. Straight-tungsten carbides are rec- 
ommended in the C-2 to C-3 application 
categories. Some carbide specialists recom- 
mend fine-grain carbides for aluminum be- 
cause a keener edge can be produced and 
because any edge chipping is small and 
therefore has a smaller effect on sharpness. 
Edge sharpness is desirable for cutting alu- 
minum. 

Coatings, which have proved to be highly 
advantageous in many steel machining op- 
erations, do not appear to provide any ben- 
efits in the machining of aluminum alloys. 
Indeed, vacuum-deposited coatings have a 
detrimental effect on the smoothness of the 
rake face of an insert, and all aluminum 
machining specialists stress the need for 
highly polished cutters in any material. 
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Fig. 7 Typical end mill defect associated with vertical plunge cut pocketing operations. (а) Front view. (b) Back 
19. 7 view. Courtesy of McDonnell Douglas Canada, Ltd. 





Fi 8 Milling defect associated with the NC machining of 7075-77651 aluminum plate with a 75 mm (3 in.) diam 
19. © milling cutter. Courtesy of McDonnell Douglas Canada, Ltd. 


Diamond tools are used only in opera- 
tions requiring an exceptionally high finish, 
particularly on high-silicon alloys, in which 
particles of free silicon will in time slightly 
dull the cutting edge of even carbide tools. 
Finishing cuts with diamond tools seldom 
exceed a few thousandths of an inch. 


Single-crystal natural diamond cutting 
tools have long been used for producing 
very smooth finishes on turned aluminum 
workpieces—finishes of the order of 0.125 
pm (5 pin.) roughness and better, For ex- 
ample, the lens barrels of even relatively 
inexpensive cameras are often turned with 
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Attachment tee made of 7075-T6 aluminum with the soft spot area having a hardness of 73 to 83 HRB 
compared to 90 HRB for the rest of the structure. Courtesy of McDonnell Douglas Conada, Ltd. 
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of cut 





Fig. ТО schematic of the milling cutter path in machining the attachment tee shown in Fig. 9 
poi 


single-crystal diamond tools, and no further 
finishing operations are performed. 

The principal advantages of single-crystal 
diamond for machining aluminum are the 
ability to take an extremely fine edge, the 
highest known hardness and wear resis- 
tance, and an extremely low coefficient of 
friction with no tendency to adhere. In 
addition, there is no chemical reaction be- 
tween the carbon of diamond and alumi- 
num. 

Diamond tools are usually made with 
either circular or faceted cutting edges, the 
latter being the more common. With the 
faceted cutter, there may be as many as five 
facets on one cutting edge, each varying in 
size from 0.5 to 1.5 mm (0.02 to 0.06 in.). 
Cutting angles of 74 to 90° and top rake 
angles of 6 to 10° are used. Rake should not 
be less than —6°. The tool should be set on, 
or slightly above, the centerline of the 
work. 

Polycrystalline Diamond Tooling (Ref 
1). A development of recent years that is 





having a major effect in many aluminum 
machining operations has been the intro- 
duction of compacted polycrystalline dia- 
mond cutting tools. Polycrystalline dia- 
mond is produced by a technique that 
includes pressing gritlike diamond particles 
in a mold under pressures and temper- 
atures approaching those necessary to con- 
vert carbon into synthetic diamond. Natural 
or synthetic diamond particles can be 
used as the raw material, and it is possible 
to produce a compacted polycrystalline 
diamond surface on a tungsten carbide sub- 
strate. 

Polycrystalline diamond, being true dia- 
mond, possesses the basic physical and 
chemical properties that make single-crystal 
diamond a valuable tool material for ma- 
chining aluminum, but it does differ in sev- 
eral respects. Because it is polycrystalline, 
it cannot produce as fine an edge as single- 
crystal diamond. Therefore, it is not suit- 
able for producing the finest finishes; about 
0.125 to 0.25 um (5 to 10 pin.) is the 


practical limit, which is acceptable in most 
applications. 

Because the crystal orientation is ran- 
dom, impact resistance is high, and the 
properties are essentially omnidirectional. 
In contrast, single-crystal stones require 
careful orientation of the crystal for opti- 
mum utilization of properties. Another ad- 
vantage over natural stones is that tool tips 
can be produced virtually to final shape. 
saving considerable effort for the toolmak- 
er, and the use of a carbide substrate per- 
mits easy brazing of the polycrystalline tip 
10 a tool steel shank or standard-size insert. 

Initially introduced in the United States 
in 1972, polycrystalline diamond tooling has 
gained an important position in the machin- 
ing of the highly abrasive silicon-aluminum 
alloys. Typical production operations in- 
clude turning, boring. and milling. Reports 
of polycrystalline diamond tools outlasting 
tungsten carbide by factors as great as 100 
in the machining of high-silicon aluminum 
are not uncommon. More detailed informa- 
tion on polycrystalline diamond tooling can 
be found in the article “Ultrahard Tool 
Materials" in this Volume. Application data 
for aluminum-silicon alloys follow. 


Machining of High-Silicon 
Aluminum Alloy 390 (Ref 2) 


Microstructural Considerations. Be- 
cause of the presence of primary silicon in 
the microstructure, the machining of alumi- 
num-silicon alloys such as 390 must be 
approached somewhat differently from the 
machining of conventional aluminum cast- 
ing alloys. The major alloying ingredients 
are 17% Si, 4.5% Cu, and 0.5% Mg. The 
eutectic composition is approximately 12% 
Si; the remaining 5 to 6% Si occurs as a 
primary phase. This primary-phase silicon 
is desirable in wear parts, but it affects 
cutting tool life drastically when machining 
alloy 390. The 390 silicon-aluminum alloy 
machines differently from other cast alumi- 
num alloys, such as 319 (5.5 to 6.5% Si), and 
380 (7.5 to 9.5% Si), in that the primary 
silicon causes rapid tool wear. Alloy 390 
was originally developed for use in engines 
in which the cylinder bore is finished in 
such a manner that primary silicon stands in 
relief and prevents piston rings, and so on, 
from contacting the aluminum matrix. 

Most aluminum casting alloys contain sil- 
icon as a major alloying element. Silicon, in 
either eutectic or primary form, is much 
harder than any other phase of the micro- 
structure. The hardness of silicon crystals 
generally ranges from 1000 to 1300 HK, 
while the microhardness of an aluminum 
casting alloy matrix seldom exceeds 180 
HK. Silicon, like the heavy-element inter- 
metallic impurity phases of iron, manga- 
nese, and chromium, is a very abrasive 
material in an otherwise soft matrix and is 
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Fig. 11 Occurrence of soft spots in the some location on each of three 7075-T651 aluminum plote components. 
g. Of the 19 ports produced, 13 had a soft zone hardness of 68 to 87 HRB ond conductivity of 36 to 39%. 
Unaffected regions of the plate had a hardness of 90 to 91 HRB and conductivity of 31 to 32%. Courtesy of McDonnell 


Douglas Canada, Ltd. 


Causes ot overheating 
during machining 


Friction 


Siow teed rate (dwelling) 
Lessthan-optimum cutter 
Lack of cutting fluid 


Heavy end mill plunge cuss 


Low heat absorption 


Inadequate backup tixtures 
Poor clamping 
Part vibration 


Fig. 13 Coet of overheating during machining process attributable to friction ond low heat absorption 


problems 


the element that singularly has the greatest 
tendency to decrease cutting tool life. 

A fine, well-modified eutectic silicon 
structure is far less detrimental to tool life 
than heavy-element intermetallic impurity 
phases. However, the rate of wear on cut- 
ting tools increases as silicon particle size 
increases. If the eutectic silicon structure is 
coarse, tool life suffers. Primary silicon 
crystals, even if well refined and distribut- 
ed, are more detrimental than eutectic sili- 
con, and large unrefined primary crystals 
can seriously degrade tool life. 

In permanent mold or sand casting, pri- 
mary silicon is controlled by a refinement 
treatment, adding a small amount of phos- 
phorus to the molten alloy. Unrefined pri- 
mary silicon is eight to ten times the size of 
refined silicon crystal, and it drastically 
affects machinability. 

In conventional die casting, a refinement 
treatment is not necessary. Primary silicon 





size in conventional die castings is very 
small even without phosphorus refinement, 
and the silicon size and distribution are 
controlled by such process parameters as 
melt temperature, die temperature, and die 
fill rate. 

Regardless of the casting method em- 
ployed, primary silicon acts as a chip break- 
er. Although primary silicon crystals are 
very hard, they are also quite friable. When 
the cutting tool passes through the matrix of 
the alloy, it fractures primary silicon parti- 
cles. This fracturing, along with the natural 
hardness of the alloy and work hardening of 
the chips, causes the close, tightly curled 
chips to break into short ringlets similar in 
appearance to gray iron chips. 

Machining Parameters. Table 5 lists in- 
formation regarding tools and cutting con- 
ditions for machining alloy 390. The turning 
of alloy 390 can be performed using C-3 
tungsten carbide or polycrystalline diamond 





i Two views of a milling defect on on 
Fig. 12 unsupported vertical flange in о 7075- 
1651 aluminum plate. Courtesy of McDonnell Douglas 
Canada, Ltd. 





cutting tools. Turning with carbide should 
be limited to relatively slow cutting speeds 
(30 to 150 m/min, or 100 to 500 sfm) to 
ensure adequate tool life. Tool life can be 
greatly improved and cutting speeds sub- 
stantially increased through the use of poly- 
crystalline diamond tools, The productivity 
increase (300 to 900 m/min, or 1000 to 3000 
sfm) can more than offset the higher cost of 
the diamond. 

Similar results have been experienced for 
milling alloy 390. Milling with carbide 
should be done at slow speeds (99 to 175 m/ 
min, or 325 to 575 sfm) with or without 
coolant. Milling with polycrystalline dia- 
mond can be done at speeds of 400 to 790 m/ 
min (1300 to 2600 sfm) (with or without 
coolant) and with much longer tool life. 

The drilling of alloy 390 can be accom- 
plished using high-speed steel, high-helix 
drills with parabolic flutes at a speed of 20 
m/min (70 sfm) for holes up to six times 
diameter in depth. Much better productivity 
can be achieved by using tungsten-carbide- 
tip, coolant-fed drills at 90 m/min (300 sfm). 
In addition, diamond-tip, coolant-fed gun 
drills have achieved even higher productiv- 
ity gains with much better tool life in holes 
up to eight times diameter. 

Thread forming taps have the longest tool 
life and can be run at speeds to 20 m/min (70 
sfm). They also produce stronger threads 
than thread cutting taps. 

The use of generous quantities of coolant 
is imperative when drilling and tapping alloy 
390. The coolant must be in sufficient vol- 
ume and pressure to reach the bottom of the 
hole and flush out the chips. These chips are 
very abrasive to the cutting tool. 

The broaching of alloy 390 can be accom- 
plished with the same speeds, tool geome- 
tries, and materials used to broach gray 
iron. Tool life will be much better, and the 
surface finish will be comparable to, or 
better than, the finish typical of gray iron. 

The machining of alloy 390 in recent 
years has been much improved. This has 
been accomplished through the application 
of new technology in cutting tool materials 
and in tool designs, optimization of cutting 
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Table 7 Suggested practices for 
turning aluminum on 
general-purpose equipment 

The suggested practices are commonly used, but higher 
speeds, feeds, and depths of cut can be employed in 
many cases (depending on the nature of the part, 
machine tool, tool design, lubrication, and other 
cutting conditions) to increase production rates. 

















Variable und condition Suggested practice 
Back rake angle, degrees 515 
Side rake angle, degrees 
Machinability rating А... 0-20 
Machinability rating В...... 20 
Machinability rating C...... 20-30 
Machinability rating D, Е... 40 
End relief angle clearance. 
degrees 
High-speed steel (001 ....... 8-15 
Carbide (оо/............... 6-8 
Side relief angle, degrees 
High-speed steel tool ....... 8-15 
Carbide tool... se 68 
End cutting edge angle, 
degrees „єана әна sane 5 
Side cutting edge angle, 
5-15 
Rough cutting. 2 0.8-3.2 00-0) 





-0.76 (0.010-0.030) 





Finish cutting... -s.e 
Depth of cut, mm (in.) 
Small work . 
Large work.. 
Feed, mm/rev (in./rev) 
Rough cutting. 
Finish cutting. .... 
Speed, m/min (sfm) 
High-speed steel tool 
Carbide tool ...... 


‚04-64 (Yasa) 
13-38 (5-144) 








‚0.15-2.0 (0,006-0.080) 
-0.05-0.15 (0.002-0.006) 






5:300 (221000) 
‚54600 (515 000) 






Source- Ref 4 





Table 8 Nominal speeds for 
turning aluminum alloys 





| Масе, тїтїп (sfm) — 
Nonheut-treated All other alloys 











Operation сам alloys and tempers 
High-speed steel tools (M2 or TS) 
Single-point roughing . 230 (750) 180 (600) 
Single-point finishing - 300 (1000) — 240 (800) 
Forming and cutoff . 170 (5509 140 (450) 
Carbide tools (C-2) 
Single-point roughing(a) 
Brazed ti eese 490 (1600) — 340 (1100) 
Disposable tips. . 610 (2000) — 430 (1400) 
Forming and cutoff .360(1200) 250 (825) 


Note: Speeds for single-point turning are bused on а 3.61 mm 
(0.150 in.) depth of cut and a feed of 0.3% mmirev (0.015 in Jrev) 
for roughing and a 0.64 mm (0.025 in.) depth of cut and a feed of 
0.18 mmirev (0,007 in./rev) for finishing. Speeds for form turning 
ure bused on feeds of 0,049, 0-08, and 0.05 mmirev (0.0035. 0.003, 
and 0.002 in /rev) for tool widths of 13, 25, and 50 mm (4^, 1. and 
2 in). respectively. Speeds for cutoff are based on a feed rate of 
0.05 mmvrev (0.002 in./rev). (a) For finish turning, use the maxi- 
mum speed of the machine and C-3 carbide 











conditions, and the replacement of outdated 
transfer lines with machine tools designed 
for aluminum alloys. 


Cutting Fluids 


A cutting fluid for aluminum can be a 
soluble-oil emulsion, a mineral oil, or an 
aqueous chemical solution. Cutting oils that 
contain compounds of sulfur or chlorine or 


both are seldom used and are not usually 
required for machining aluminum. In addi- 
tion, many of them will stain the work. 
Table 6 lists various cutting fluids and their 
applications. 

Soluble oil mixed with water in ratios of 
1 part oil to 20 to 30 parts water is the 
cutting fluid most widely used for machin- 
ing aluminum alloys. Soluble-oil emulsions 
are inexpensive, highly efficient for cooling 
and removing chips, and are usually ade- 
quate for preventing built-up edges. 

Mineral oil used as a cutting fluid may 
contain a fatty additive, such as lard oi 
neat's-foot oil, oleic acid, or butyl stearate. 
However, mineral oil that contains no addi- 
tive and that has a viscosity of 40 to 300 
Saybolt universal seconds (SUS) at 40 °C 
(100 °F) is most often used. As cutting speed 
is increased, the viscosity of the oil should 
be decreased to provide easier flow and 
therefore greater cooling. Straight mineral 
seal oil (—40 SUS at 40 *C, or 100 *F) has 
been effective in many applications. Kero- 
sene, which is slightly less viscous than 
mineral seal oil, is also used. 

Chemical solutions are effective as cut- 
ting fluids for machining aluminum and are 
especially desirable when a transparent flu- 
id is needed to permit viewing the work 
during machining. These solutions vary in 
composition, but most contain amines, ni- 
trides, phosphates, borates, soaps, wetting 
agents, glycols, and germicides. Some of 
these solutions stain aluminum alloys. 

Stick grease is sometimes used in band 
sawing, circular sawing, and abrasive belt, 
abrasive disk, or abrasive wheel polishing 
and grinding when requirements are not too 
severe and a flood of lubricant is not re- 
quired. 

Continuous filtering of cutting fluids for 
the removal of chips, slivers, grindings, and 
other foreign material is especially desirable 
because aluminum alloys are relatively soft 
and are easily damaged by a contaminated 
cutting fluid. 

The mist application of cutting fluids is 
sometimes preferred for machining alumi- 
num, especially on such machine tools as 
small, vertical mills and high-speed routers. 
Compressed air, at pressures ranging from 
70 to 550 kPa (10 to 80 psi) is used to 
atomize the cutting fluid and propel it into 
the cutting zone. The technique can be used 
with straight oils (especially of lower vis- 
cosities), emulsions, or chemical solutions 
as long as there are no solid additives con- 
tained in the fluid. Some producers of 
spray-mist equipment, however, recom- 
mend the use of water-base fluids over oils 
because the latter may tend to clog and may 
present a hazard. 

Although the use of compressed air adds 
a new element of cost, the overall cost can 
often be reduced because of the smaller 
volume of fluid used and lower losses of 
fluid carried out by chips. The cooling effect 
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mond, the wet turning of die cas! alloy 390 using carbide 
and diamond, and the wet turning of die cast alloy 380 
using carbide. Source: Ref 2 


of a mist, while not equal to that of a 
copious flood, is considerable because the 
rapid evaporation of the finely divided drop- 
lets adds the latent heat of vaporization to 
the cooling capability of the liquid. 

Proponents of the compressed air method 
also claim that the high velocity of the 
droplets tends to get the fluid into the cut- 
ting zone effectively and that the evapora- 
tion of the water increases the lubricity at 
the cut. Visibility into the cutting area is 
improved, and splash shielding does not 
pose as much of a problem as flooding does. 
Most experts recommend the use of auto- 
matic shutoff devices for mist systems and 
venting to prevent potential air contamina- 
поп. 


Distortion and 
Dimensional Variation 


Because aluminum alloys have a low 
modulus of elasticity (~70 GPa, or 10 x 10° 
psi), they will distort more than most metals 
for a given clamping or chucking force. 
Moderate clamping forces should be used to 
avoid dimensional variations due to distor- 
tion. High clamping pressures are not re- 
quired, because cutting forces are low. 

Thermal Expansion. The coefficient of 
thermal expansion of aluminum alloys (18 to 
25 wm/m:K, or 10 to 14 pin./in.PF) is higher 
than that of most metals commonly ma- 
chined. Therefore, the dimensional accura- 
cy of finished parts requires that the part be 
kept cool during machining. When turning 
between centers, it is important to avoid 
expansion, which will put excessive pres- 
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Table 9 Nominal speeds and feeds for the boring of aluminum alloys with high-speed tool steels and carbide 





Uncoated carbide tool 





r High-speed steel toal. 1 

Toot material | [— — Speed | Tool material 
Depth of cot Spent Fed pase Wd ^ вае | Feed re 
wm "im. эйи x umi imr BOS ALE ийик dm mite йш mmm ыйы EU б 








0.25 0.010 305 1000 0.075 0.003 54,55 M2.M3 
1.25 0.050 245 800 0.13 0005 54.55 M2, МЗ 
25 0.100 215 700 030 0.012 54,55 M2. M3 
025 0.010 305 1000 0.075 0.000 54.55 М2, M3 
1.25 0.050 245 800 0.13 0005 54,55 M2, M3 
25 0.100 215 700 0.30 0.012 S4, S$ М2, M3 


610 2000 Max Max 0.15 0406 KOI, MIO 
550 1800 Max Max 0.20 0.008 K10, MIO 
365 1200 Max Max 0.40 0.015 K20, M20 
610 2000 Max Max 0.15 00% KOI, MIO 
550 1800 Max Max 020 0.008 K10, MIO 
365 1200 Max Max 0.40 0.015 K20, M20 











tools 
Hardness, 
НВ (300 р) Condition 
6066 30-80 — Cold drawn 
6070 
6101 
6151 75-150 — Solution treated 
6253 and aged 
6463 
6262 
6951 
7001 
7004 
705 
7039 
7049 
7050 
7075 
7079 
7175 
7178 
Cast 
Sand and permanent mold 
AMD. F3320 5200 — 40-100 — As-cast 
200 333.0 5350 
2080 3540 7050 
2130 355.0 707.0 70-125 Solution treated 
2720 C355.0 A7120 and aged 
24.0 3560 07120 
2420 A356. 713.0 
2050 3570 7710 
B2950 3590 850.0 
308.0 Ва4з.0 ABSO.0 
3190 514.0 — B850.0 
228.0 А5140 
A20 B514.0 
Hiduminium RR-350 
Die castings 
3600  A380.0 40-100 — As-cast 
A360.0 C443.0 
3800 5180 
70-125 — Solution treated 
and aged 
3830 413.0 40-100 — Asccast 
A3840 A413.0 
70-125 — Solution treated 
and aged 
390.0 40-100 — As-cast 
392.0 
70-125 — Solution treated 
and aged 
Source: Ref 5 















0.010 305 1000 0.075 0.003 
0.050 245 80) 0.13 0.005 S 
0100 215 700 030 0.012 
0:010 230 750 0.075 0.003 
0.050 185 600 0.13 0.005 
0.100 170 550 0.30 0.012 


0.010 305 1000 0.075 0.003 
0.050 245 800 0.13 0.005 
0.100 215 700 0.30 0.012 
5 0.010 230 750 0.075 0.003 
5 0.050 185 600 013 0005 S 

0.100. 145 550 0.30 0.012 S4, 


0.25 000 230 750 0.075 0.003 54.5: 
1.25 0.050 185 600 0.13 0.005 
25 0.100 170 550 030 0.012 
0.25 0.010 205 675 0,075 0.003 
0.050 170 550 0.13 0005 
0.100 145 480 030 


оош 46 150 0.075 0.00 
0.050 37 120 0.13 0.005 
0.00 34 10 030 0.012 
000 43 140 0.075 0.003 
34 по 013 0005 54, 
30 100 030 0012 











550 1800 Max Мах 0.15 0.006 KOI, MIO C- 
365 1200 Max Max 0.20 0.008 K10, MIO 
305 1000 Мах Max 0.40 0.015 K20. M20 
550 1800 Max Max 015 0.006 КО, MIO 
365 1200 Max Max 0.20 0.008 КІ0, MIO 
305 1000 Max Мах 040 0.015 K20. M20 











550 1800 Max Мах 0.15 0.006 KOI, MIO C-3 
365 1200 Max Max 020 0.008 КІ0, MIO C2 
305 1000 Max Max 040 0.015 K20. M20 C-2 
490 1600 Max Мах 0.15 00% KOI, MIO C-3 
425 1400 Max Max 020 0.008 KIO, MIO C-2 
245 ЖЮ Max Max 040 0.015 K20, M20 С? 
490 1600 Max Max 0.006 KOI, MIO C3 
425 1400 Max Max 0.008 K10, MIO С-2 
245 800 Max Max 0.015 K20. M20 C2 
410 1350 Max Max 0.006 KOI, MIO. C-3 

1100 Max Max 0.008 KI0, MIO. C-2 

850 Max Max 0.015 K20, M20 C2 
125 410 145 480 0.15 0.006 K10, M10 C2 
100 325 115 385 020 0.008 KI0.MIO C2 
90 300 105 350 0.30 0.012 К20. М20 С? 
105 350 125 410 0.15 0.006 KIO, MIO C2 
8S 280 100 330 020 0008 KIO, MIO. С? 
70 230 84 275 030 0.012 K20, M20 C-2 





sure on the centers. High cutting speed 
helps keep the part cool because most of the 
heat introduced into the part during a given 
rotation is removed with the chip during the 
next rotation, and the time for diffusion of 
heat is short. A cutting fluid is effective in 
removing heat that is not removed with the 
chips. Live centers are recommended to 
minimize frictional heating at the center. 


Dull tools cause a heat rise in the work- 
piece; therefore, cutting tools should be 
kept sharp. 

Residual stress can be induced by a dull 
or improperly designed cutter that cold 
works the surface, by excessive chucking or 
clamping force, or by faulty clamping. Dis- 
tortion from residual stress is most notice- 
able in slender parts. 


The distortion resulting from machining 
stresses can be minimized or eliminated 
either by employing a series of light cuts as 
the part approaches finished size or by 
stress relieving the part between rough and 
finish machining. For heat-treatable alloys, 
it is preferable to do all rough machining on 
material in the solution-treated and aged 
condition, rather than in the annealed con- 
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Table 10 Nominal speeds and feeds for the boring of aluminum alloys 


with diamond tools 

















Hardness, Depth of cut, Feed, mire 
Material HB (500 kg) Condition mm ба.) (in re) 
Wrought 
EC 2218 5252 6253 30-150 All 0.13-0.40 460 0.075-0.15 
1060 2219 5254 6262 40.005-0.005) (1500) —(0.003-0.006) 
1100 2618 5454 6463 0.40-1.25 3S 0.15-030 
1145 3003 5456 6951 (0.015-0.050) (1000) — (0.006-0.012) 
1175 3004 5457 7001 .25-3.2 150 0.30-0.50 
1235 3005 5652 7004 (0.050-0.125) (500) (0.012-0.020) 
2011 4032 5657 7005 
2014 5005 6053 7039 
2017 5080 6061 7049 
2018 5052 6063 7050 
2021 5056 6066 7075 
2024 5083 6070 7079 
2025 5086 6101 7175 
2117 5154 6151 7178 
Cast 
Sand and permanent mold 
AMO 390 3570 — ATILO 40-00 As-cast 0.13-0.40 7&0 0.075-0.15 
20.0 3280 3590 D7120 (0.005-0.015) — (2500) — (0.003-0.006) 
208.0 А3320 Вазо 713.0 0.40-1.25 610 015-030 
2130 Е332,0 540 771.0 (0.015-0.050) (2000) (0.000.012) 
222.0 ASI4.0 850.0 125-32 305 0.30-0.50 
2240 В5140  ANSOLD (0.050-0.125) (1000) (0.012-0.020) 
242.0 5200 В8500 70-125 Solution treated 0.13-0.40 670 0075015 
2950 С 535.0 and aged (0.005-0.015) (2200) — (0.003-0.006) 
B295.0 3560 7050 0.40-1.25 520 0.15-0.30 
308.0 А3560 707.0 (0.015-0.050) (1700) (0.006-0012) 
Hiduminium RR-350 125-32 215. — 030-050 
(0.050-0.125) (700) — (0.012-0.020) 
Die castings 
3600 — 380.0 40-100 Ascast 0.13-0.40 915 0075-015 
AMOO 443.0 (0.005-0.015) (2000) — (0.003-0.006) 
3800 5180 0.40-1.25 760 0.15030 
383.0 40.015-0.0500 (2500) — (0.006-0.012) 
125-32 60 0304050 
(0.050-0.125) — (Q000) (0.012-0.020) 
A340 40-100 Asccast 0.13-0.40 760 007-015 
413.0 (0.003-0.015) (2500) — (0.003-0.006) 
A413.0 0.40-1.25 610 0.15-030 
3900 (0.015-0.050) (2000) — (0.006-0.012) 
125-32 460 0.30-0.50 
(0.050-0.125) (1500) (0.012-0.020) 
392.0 40-100 As-cast 0.13-0.40 610 0075015 
40.005-0.015) (2000) — (0.003-0.006) 
0.40-1.25 460 0.15-0.30 
(0.015-0.050) (1500) (0.006-0.012) 
12532 305 0304050 
(0.050-0.125) (1000) — (0.012-0.020) 


Source: Ref 5 





dition, because the less ductile structure is 
more machinable. 

The distortion resulting from machining 
stress can often be minimized by purchasing 
the alloy in a stress-relieved condition, nor- 
mally designated by T451, T651, or T851 if 
the metal has been stress relieved by 
stretching. The code Tx52 denotes stress 
relief by compression; Tx53, stress relief by 
heat treating. 

A major source of dimensional variation 
arises from the presence of movement, or 
play, in the feed mechanism of the machine. 
When the tool or the machining conditions 
cause forces that take up the play complete- 








ly, no variations in dimensions are encoun- 
tered. However, when low cutting forces 
(typical of those required for machining 
aluminum) are combined with a small feed 
and light cut, the total force may be insuf- 
ficient to overcome tool-slide friction. 
Then, some movement may still occur, and 
the tool may float. 


Soft Spots in Machined 
Aluminum Parts (Ref 3) 
Machining practices that are less than 


optimum may cause localized overheating 
in aluminum alloys. In alloys being ma- 
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Speed. at 1200 rev/min, m/min (sfm) . . 97 (318) 
Feed, mm/min (in./min) ........... 35.6 (1.4) 
Cutting fluid. ` Kerosene plus 

proprietary oil 
Production rate. pieces/h. 9 


Tool life/grind, lineal m (lineal in.) ... 20 (800) 





А Rough ond finish boring of a heat-treated 
Fig. 15 лапат alloy forging. Dimensions in 
figure given in inches 


chined in the postsolution heat treatment 
tempers, the resultant effect is overaging, 
softening, and therefore loss of strength. 

Such defects, referred to as soft spots. 
are usually invisible and may remain unde- 
tected at this stage except where hardness 
and/or conductivity testing is performed in 
the overheated area. However, anodizing 
has the capability to reveal these defects. 
Locally overheated and softened areas are 
indicated by a color contrast against the 
background of the normal anodic film. The 
area is always very local on the parts, and 
its shape is usually related to the machine 
cutting tool that profiled the particular area. 
Frequently, the soft areas are at or near 
changes of section thickness. In addition, 
there is often exact repeatability of the soft 
spot location in all other parts of the batch. 

Figure 6 illustrates a half-moon defect 
associated with spar milling deficiencies in 
an arca adjacent to a change in section 
thickness. Figure 7 shows a circular indica- 
tion that is associated with vertical plunge 
cut pocketing operations using an end mill. 
The 25 mm (1 in.) diameter of the soft spot 
is a function of the end mill diameter. Figure 
8 shows a similar example of a milling 
problem that occurred in a numerically con- 
trolled (NC) machining application using a 
75 mm (3 in.) diam cutter. 

A different type of problem is illustrated 
in Fig. 9. Two silver-white defective areas 
are clearly visible on the tee section part 
machined from an extrusion. All 36 parts in 
the batch were similarly affected. The de- 
fects are attributed to a lack of full-support 
tooling backup that did not provide an ade- 
quate heat sink. The milling cutter was 
allowed to dwell at the start of the rebate 
cut, thus introducing frictional heating. The 














Table 11 
carbide tools 
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Nominal speeds and feeds for the planing of aluminum alloys with high-speed tool steels and 





Г —— Highspeed steel ot — —3 


T—— Carbide toot —— 























Tool Tool 
Depth of Speed, Feed, material Speed, Feed, material 
Hardness, cut, mm тта mavstroke prade, ISO тта тюзге © grade, ISO 
Material HB (500 kg) Condition. (in) (fm) ^ (mósroke) (АБ (stm) (m/strko (C grade) 
Wrought 
EC 2218 5252 6253 30-80 Cold drawn 025 90 а 90 (a) K10, M10 
1060 2219 5254 6262 (0.010) (300) а) 300) (a) (C2) 
1100 2618 5454 6463 25 90 320 90 320 K20, M20 
1145 3003 5456 6951 (.100 (800) (0.125) 0300) (012%) (C2) 
1US 3004 5457 7001 2 90 2.30 2.30 K30, M30 
1235 3005 (0.500) — Go) (0090) GO) 00.090) (C2) 
2011 4032 75-50 Solution treated and aged — 025 90 (а) 90 (a) K10, M10 
2014 50% 00:01000 (300) (a) (300) а) (С-2) 
2017 5050 25 90 320 S4. 90 320 K20, M20 
2018 5052 (0.100 (300) 0.125) А 000 00.125) (C2) 
2021 5056 12 230 54, S5 9% 230 K30, M30 
2024 5083 6070 7079 (0.800 (ою — (0090) М2. МЗ) GU) боо) (C2) 
2025 5086 6101 7175 
2117 5184 6181 7178 
Cast 
Sand and permanent mold 
AMO — 3190 — 3570 — A7I20 — 40-100 Ascast 0.25 90 (a) 54. S5 90 (a) K10, M10 
20.0 3280 3590 07120 (0.010) (300) (a) (M2,M3) (300) (a) (C2 
208.0 В443,0 713.0 25 90 320 S4, SS 90 3.20 
213.0 $40 771.0 (0.100) — (300 0.125) М2, МЗ) (300) 0125) 
0 А5140 8500 D 90 2.30 54. 5 90 2.30 
0 В5140 Ав500 х ою 00.040) (800) (0.090) 
2420 5200 B850.0 70-125 Solution treated and aged 25 90 (a) ‚ 55 90 (а) 
295.0 335.0 (000 — (300) (a) (м2, М3) (300) (a) 
3295.0 705.0 25 E] 320 S4, 55 90 320 
3080 — А3560 7070 40100 (300) 40125 — М2. МЗ) GU) (0.125) 
Hiduminium RR-350 n 90 2.30 54, 55 90 0 
(0.500) (300) 4009) М2. МЗ) (300) (0:090) 


(а) Feed — У the width of square nose finishing tool. Source: Ref $ 








part was then turned over, and the opera- 
tion was repeated, thus producing an oppo- 
site soft spot. The milling sequence is out- 
lined in Fig. 10. This illustrates Clearly the 
phenomenon of soft spot location repeat- 
ability. 

Another example of soft spot indications 
is shown in Fig. 11. Of the 19 parts pro- 
duced in this batch, I3 were affected. The 
defects are attributed to vibration or distor- 
lion at an inadequately clamped edge of the 
parts during milling on à vacuum chuck. As 
а result, heat dissipation was restricted. 

All soft spots have a lower hardness and a 
higher electrical conductivity than the adja- 
cent normal material. The strength reduc- 
lion can be significant. 


Sources of 
Machining Problems 


Some of the more common machining 
problems are outlined in this section. It 
should be kept in mind that the basic cause 
of the defects under discussion is always 
excessive heat. This may arise directly by 
frictional heating and/or indirectly by insuf- 
ficient cooling. Because the cause(s) of 
some problems may be obscure, on-site 
analysis of the hardware, machi! 





niques, tooling, and so on, is always desir- 
able. 

Cutters. All tools should be kept sharp 
and in good condition at all times. Tool 
geometry must be maintained within the 
established requirements for aluminum al- 
loys. 

Cutters must have the optimum number 
of flutes and the optimum spiral configura- 
tion for each application. For most applica- 
tions, the minimum number of flutes and a 
coarse spiral are more desirable. Clogging 
results in rubbing and frictional heating; it 
can be minimized by maintaining a good 
surface finish in the flutes. 

Feeds and speeds must be correct for the 
operation being performed. In particular, a 
slow feed rate (dwelling) combined with 
high spindle speeds is especially trouble- 
some. Great care must be taken not to 
reduce feeds any more than is absolutely 
necessary when the cutter is approaching or 
is actually machining areas requiring sec- 
tion changes. On multispindle equipment, it 
is vital that sufficient net horsepower be 
available to each spindle during heavy 
roughing cuts. Where practical, when using 
end mills, deep plunge cuts should ramp in 
or start from a predrilled hole and should 
progress on a multipass basis. 














Cutting Fluids. An adequate and contin- 
uous flow of cutting fluid (flood or mist) 
directed at the cutting edges is essential. 
The flow of cutting fluid should begin before 
cutting and must continue until the cutter 
has been removed from the part. Fluid 
circulation must be continuous because 
even a momentary reduction in flow, such 
as could be caused by an air lock, may 
result in local overheating. 

Support Fixtures and Clamping Meth- 
ods. Machining backup fixtures must be 
rigid and must have sufficient contact area 
and mass to provide an adequate heat ab- 
sorption capacity. Gaps in modular fixtures 
should not be excessive. This is especially 
true in areas adjacent to section changes. In 
addition, it is vital that clamping methods 
maintain continuous contact between part 
and fixtures because even a minute air gap 
due to part distortion or vibration, together 
with the resultant deeper cutting action, 
may produce overheated areas. On flat 
parts that are being machined on a vacuum 
chuck, it is important that the edge seal be 
located as close to the periphery as practical 
in order to eliminate vibration and conse- 
quent gapping around the outer edges. In 
general, all thin edges are susceptible to 
heat buildup. Similarly, thin-section vertical 
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Table 12 Nominal speeds and feeds per tooth (cl 


and Alloys 


load) for the 





broaching of aluminum alloys with high-speed tool steels 








Workpiece 2017-74 






M TT 1 






































i 
Chip ond, Tool material К | 
Hardness, ‘Speed, mm/tooth grade, ISO- 0355 .j 
Material НВ И Condition нина ів) (балв) (мм or C) | = "T 
Wrought 
EC ох 5250 6253 30-80 Cold drawn 12040) — 0.15(0006) S4, S2 (M2. M7) ' 
1060 — 2219 5254 бю 75150 Solution treated 12040) 0.15 (0.006) 54. S2 (M2, M7) 
1100 2618 5454 6463 and aged 
1145 3003 5456 6951 gelo MM EE OE 
IUS 3004 5457 7001 
1235 3005 5652 7004 surface 1 "o spine (D wd n 0.0СО5 TIR 
2011 4032 5657 7005 is 
2014 5005 6053 7039 p i 
2017 5050 6061 7049 ч 6 " 
2008 — 5052 — 6068 7050 E Ыы "таба teeth 
2021 5056 6066 7075 1 25 sem finishing teer" 
2004 5083 6070 7079 АМУ ГАГА Ee rousing ое 
2025 5086 6101 7175 1 
27 м ыя 7178 Broach prot le 
Speed, тїтїп (У) 9.1 (30) 
Cam Feed, mmitooth (in./tooth). .... 0.05 (0.002) 
Sand and permanent mold Length of stroke, mm (in.) ... 152 (6) 
AMO 3190 3520 А20 40-100 — Ascast 12440) — 0.15 (0.006) 54, S2 M2, M7) — Cutting fluid 1 Soluble oil;water (1:25) 
201.0 3280 390 D720 70-125 — Solution treated 12040) — 01540006). S4. S2(M2. M7) — Setup time, min... s 30 
208.0 B4430 713.0 and aged Production rate, pieces/h ..... 180 
213.0 s140 771.0 Tool lifeigrind .- 2000 pieces 
220 А5140 850.0 Total tool life . . 40 000 pieces 
224.0 В5140 А8500 
242.0 5200 В850.0 





2950  C3SS.0 535.0 
3560 — 7050 
308.0 — A356.0 707.0 
Hiduminium RR-350 


Source: Ref $ 





webs of pocketed or stiffened parts, for 
which no backup support is practical, are 
ulso prone to these problems. Figure 12 
illustrates this latter problem on a small 
pocketed end fitting in which the effect is 
noticeable on the vertical flange: 

Numerically Controlled Machining Op- 
erations. All of the foregoing consider- 
ations regarding sources of machining prob- 
lems also apply to NC operations. In 
addition, however, there is generally less 
operator involvement or awareness of the 
actual machining operation in NC pro- 
cesses. For example. in some plants, one 
Operator may attend several machines. 
Futhermore, the programmer may be less 
aware of possible pitfalls, and thc optimum 
mathematical cutter path may create local 
potential problems. Dwelling at corners or 
between subroutines must be strictly avoid- 
ed. 

Quality Control. The causes of overheat- 
ing during machining are well recognized 
(Fig. 13). However, the safety margin be- 
tween acceptable and unacceptable practic- 
es is not wide; therefore, the utmost care 
and attention to detail is warranted at all 
times. 

The maximum impact of these problems 
obviously occurs over the short term. The 
tendency of these defects to be repetitive in 
one batch of parts can raise havoc with a 
tight production schedule if none of the 





parts is acceptable. Wholesale rejections 
can be avoided by close monitoring of ma- 
terial conductivity values in critical arcas 
during machining, particularly on new 
parts. As a result, the impact of down- 
stream economic losses and potential major 
operations difficulties (cost of replacement 
parts plus the associated disruptive factors) 





Turning 


As indicated in Fig. 2 and 3, the cutting 
force, and therefore the power, required to 
turn aluminum is considerably less than that 
needed to turn low-carbon steel of approx- 
imately the same hardness and tensile prop- 
erties. 

Tool Design. The recommended angles 
for a single-point lathe tool are given in 
Table 7. Cutting angles should be on the 
high end of the ranges for alloys that are not 
heat treatable or that are more ductile than 
the free-cutting alloys. 

Low modulus of elasticity, high ductility, 
and the tendency to stick to tool materials 
are the principal factors dictating differ- 
ences in the cutting tools used on alumi 
num. Because of its low modulus of elastic- 
ity, aluminum has a greater tendency to 
yield, or spring, under the pressure of a 
cutting tool. It deforms more than steel 
before the cutter can start to bite. For this 








ing and details of broach used 
internal splines. Dimen- 


Fig 16 Clutch hoi 


for producing the 
sions in figure given in inches 





reason, a fine cutting edge is desirable, and 
higher clearance angles are generally 
recommended—8 to 15? for high-speed steel 
tools, 6 to 10° for carbides, and somewhat 
less for diamonds. 

Traditional practice in the machining of 
aluminum has specified high, positive rake 
angles, both back and side, for high-speed 
steel and carbide tools, especially for the 
gummier alloys rated D and E in machin- 
ability. Although these recommendations 
are specifically for single-point turning op- 
erations, they are also generally applicable 
to other types of tools. In addition, as the 
alloy in question increases in Brinell hard- 
ness, in alloying complexity, and in machin- 
ability rating, lower rake angles can bc 
used. 

One of the major reasons for using high- 
rake tooling is to prevent, or at least delay, 
the formation of a built-up edge on the 
cutter. For the same reason and to facilitate 
chip flow, it is universally recommended 
that all tool surfaces that contact either the 
workpiece or the chip be given a high pol- 
ish. Any grinding marks on the rake face or 
flank of the tool should be parallel to the 
direction of the chip-flow or the cut, which- 
ever is applicable. Grinding marks should 
be removed by stoning or polishing. 

Because carbide tools are more brittle 
than high-speed steel tools, they will chip or 
break when the cutting angles are too large. 
In turning free-cutting alloys, increasing the 
side relief or side rake angle, or both, will 
reduce the power required. Because the 
power needed for turning aluminum alloys 
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Uncut chip thickness, in. 




















































































































Cut, in 10 
o 1 2 0.001 0.004 0.007 0010 
035 T 0014 78 т 300 
Rake angle 
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— e E А 15 
025 = Se 0.010 = oun а. 
Е Cast iron Д « £f 
= 9020 + 008 5: = 
Н 2” $ 2 aso 
fos A t oos È 3 
a ao Е Ё 250 
010 - +— 0004 à 
390-T5 alloy A 
50 
005 0002 van 
0 o L | 0 
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Cut, mm + 109 


1 Typical tool wear when broaching with a carbide cutting tool at 45 m/min 
Fig. 17 |?! ы 


(150 sfm). Source: Ref 2 


is small (about one-third that needed for 
machining soft low-carbon steel), a turning 
tool ground with angles that arc too large is 
likely to hog the work metal. Because the 
tool floats in operation, any backlash or 
play in the spindle or machine ways causes 
difficulty in holding tolerances. Tool life 
and surface finish also suffer. Surface finish 
can be improved by grinding a large nosc 
radius on the turning tool. However, the 
maximum nose radius depends partly on the 
allowable fillet on thc workpiece when turn- 
ing to a shoulder. As the nose radius is 
made larger, cutting force and horsepower 
requirements increase. On small-diameter 
stock, increased cutting force may cause 
the work metal to bend away from the tool; 
therefore, stock supports or rests are re- 
quired. A nose radius that is too large also 
causes chatter, which results in poor sur- 
face finish and possibly tool breakage. 

Another way to improve surface finish is 
to grind the end cutting edge of the tool 
parallel to the work for a width equal to 1% 
to 2 times the feed rate in millimeters per 
revolution, This flat edge will cut behind the 
nose of the tool to smooth out the ridges 
caused by the feed. Too wide a flat will 
cause chatter, and a negative angle will 
leave a taper equal in length to the width of 
the flat, on the work at the end of the turn. 

Tool Honing. Honing a carbide tool with 
a diamond-impregnated stone will improve 
the surface finish on the workpiece and will 
extend the life of the tool. Disposable car- 
bide inserts have a honed edge when pur- 
chased, and no additional honing is neces- 
sary. 

Tool Material. Carbide tools, either 
brazed-insert or disposable-insert, last far 
longer than high-speed steel tools for turn- 
ing any aluminum alloy. For turning the 
high-silicon alloys, the use of carbide tools 
or polycrystalline diamond is mandatory for 


Uncut chip thickness, mm 


Fig. 18 «fece finish at various depths of cut when broaching 390 aluminum 
g. alloy of 100 HB at 45 m/min (150 sfm) with a carbide tool. Although the 


rake angle varied, the shear angle of the tool was 0° in all three cases. Source: Ref 2 


optimum results (see the section *‘Ma- 
chining of High-Silicon Aluminum Alloy 
390” in this article). 

The speed used in turning aluminum al- 
loys depends to some extent on the alloy 
and condition, but far more on tool material 
and type of tool (single-point, form, or 
cutoff). The effect of alloy composition and 
condition is small in selecting a turning 
speed, except for the nonheat-treated cast 
alloys. 

Nominal speeds for turning aluminum 
with high-speed steel and carbide tools are 
given in Table 8. These speeds are based on 
feeds and depths of cut that are typical for 
turning aluminum alloys and on the assump- 
tions that the setup is rigid, that a cutting 
fluid is used, and that the workpiece can be 
rotated to attain these surface speeds with- 
out causing excessive vibration. When con- 
ditions are below normal, speeds must be 
scaled down from those given in Table 8. 
Similarly, under nearly ideal conditions, 
higher speeds are often used successfully. 

Feed. For rough turning with single-point 
tools, regardless of tool material, a feed of 
0.38 mm/rev (0.015 іп./геу) is common for 
all aluminum alloys. For finish turning, a 
feed of 0.18 mm/rev (0.007 in./rev) is rec- 
ommended; this feed will usually result in a 
surface finish of 1.60 to 3.20 рт (63 to 125 
шп.). ter feeds are sometimes used to 
provide a better finish. 

In form turning, the width of the form tool 
is the major variable that affects the rate of 
feed. For all alloys and tool materials, a 
feed rate of 0.089 mm/rev (0.0035 in./rev) is 
generally satisfactory for form tools no wid- 
er than 12.7 mm (0.500 in.). Rate of feed 
should be decreased as the width of the 
form tool increases. Feed rates of 0.08 and 
0.05 mm/rev (0.003 and 0.002 in./rev) are 
recommended for form tool widths of 25 
and 50 mm (1 and 2 in.), respectively. 








For cutoff tools, a feed rate of 0.05 mm/ 
rev (0.002 in./rev) is usually satisfactory, 
regardless of the alloy being turned, the tool 
material, or the width of the cutoff tool. 

Depth of cut in turning aluminum often 
depends on the power available. The speeds 
given in Table 7 are based on a 3.81 mm 
(0.150 in.) depth of cut for roughing and 0.64 
mm (0.025 in.) for finishing. When power is 
praia, roughing cuts of 6.35 mm (0.250 
in.) are common, Finishing cuts of less than 
0.64 mm (0.025 in.) often result in better 
surface finish. 

Cutting fluid is recommended for turning 
all aluminum alloys (see the section ""Cut- 
ting Fluids" in this article). 

The procedures and equipment for 
turning that are the same for all metals are 
discussed in the article "Turning" in this 
Volume (special considerations for high- 
silicon content alloys are given below). 26. 
cause aluminum alloys are far less sens 
to abrupt changes in speed, feed, and depth 














Table 13 Tool angles for drilling 
aluminum alloys with high-speed 
steel drills in drill presses 








Point angle (0), degrees 


Thin stock .. . 
Thinned point 
General work .. 
Aluminum-silicon alloys 


Helix angle, degrees. 





‚118-150 








Thin Моск... 4 

Мейит dent - 28 

Deep holes(c) . 4-48 
Lip clearance, degrees 

Soft alloys 17 





Strong alloys. 
Aluminum-silicon alloys. 






(a) Diameter = 1.8 stock thickness = tan 8/2. (b) Up to six times 
drill diameter. (c) Over six times drill diameter 
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Table 14 Nominal speeds and feeds for the dri 





ing of aluminum alloys with high-speed tool steel tool 










































































Sped, [—— Feed, mures (in rev) at a nominal hole diameter of: "Tool material 
Hardness, mmi (Smm 3mm 6mm 12mm 18mm тш 35mm 50mm grade, ISO 
Material HB (500 kg) Condition (fm) (биш) (ию) (баш) Grin) (ию) — (in) — Mim) — Qin) (AISI or C) 
Wrought 
EC 3005 60 30-80 Сом drawn 43 — 005 52, $3 
1060 4052 6070 (40) 00.001) t De ID (M10, M7, МІ) 
1100 — 5005 6101 105 Ё 0.075 оз — 030 040 050 0.65 0.75 S2. 53 
1145 5050 6151 б ++- 4600) 00.007) 00.012) (0.016) (0.019) (0.025) (0.030) (MIO, М7, МІ) 
175 5052 6253 75-150 Solution treated 43 0025 M te ` - ЕЕ Ue 52, 53 
ms 5% 6262 and aged 040) — (0.001) E vt + g <-> (MIO, M7, MI) 
2011 5081 — 6463 84 : 0075 о 030 040 050 065 0.75 52, 53 
2014 5086 6951 279 (0.003) (0.007) (0012) (0.016) (0.019) (0.025) (0.030) (M10, M7, МІ) 
20017 5154 7001 
2018 — 5252 — 7004 
2021 — $254 7005 
2024 5454 7039 
20258 5456 — 7049 
207 — 5457 7050 
2218 562 7075 
2219 567 7079 
2618 603 7175 
3003 ыы 7178 
3004 6063 
Cast 
Sand and permanent mold 
А410 — F320 520.0 40-100 — As-cast 43 0.025 52, 53 
2010 33.0 5350 (140) — (9.001) i s s х : . s (MIO, M7, MI) 
208.0 3540 — 705.0 105 > 005 0.18 030 040 050 065 0.75 52, 53 
2130 3550 7070 eo -> 40.003) (0.007) (0.012) (0.016) (0.019) 10.005) (0.030) (MIO, М7, MI) 
222.0 — C355.0 А7120 70-125 Solution treated — 43 005 => G б an vee $2, 53 
2240 3560 0712.0 and aged qa) (00) > : : ] (M10, M7, MI) 
2420 А3560 713.0 84 re 0.075 018 030 040 05 0.65 52, 53 
2050 3570 7710 075) (0.003) (0.007) (0.012) (0.016) (0.019) (0.025) (0.030) (MIO, M7, МІ) 
B295.0 359.0 — 8500 
308.0 В4430 А8500 
3190 — 5140 В850.0 
30 А5140 
A330  B514.0 
Hiduminium RR-350 
Die castings 
360.0 A380.0 40-100 As-cast 46 0.025 52, 53 
А3600 С443.0 aso — (9.001) ы zio tee : E (M10, M7, MI) 
3800 518.0 115 <- — 0075 оз — 030 040 (050 065 0.75 52, 53 
75) ++- (000) 00.007) (0.012) (0.016) (0.019) (0.025) (0.030) (M10, M7, МІ) 
70-125 Solution treated 46 00% зз o en e A . - 52, 53 
and aged (150 (0.00 T SS. ben " is (MIO, M7, MI) 
90 + 0075 018 ою 040 0.50 0.65 0.75 52,53 
300) (0.003) (0:007) (0:012) (0.016) (0.019) 40.05) (0.030) (MIO, M7, МІ) 
380 — 4130 40-100 — As-cast 30 0.025 82,83 
A3RAO А413.0 (100) (0.001) р +. КЫ LI : << (MIO, М7, MI) 
43 s ооз оз 030 040 0,50 0.65 0.75 52, 53 
(140) +++ (ооз) (0.007) (0.012) (0.016) (0.019) (0.025) (0.030) (MIO, M7, MI) 
70-125 Solution treated 27 — 0425 >>> da É E - E S2, 83 
and aged (0 00.001) - В es ít m (M10, M7, MI) 
37 eo 0075 0. 040 — 0.50 0.65 0.75 82, 53 
(120) (0.003) 40.007) (0.012) (0.016) (0.019) (0.025) (0.030) (M10, M7. MI) 
390.0 40-100 — As-cast 8 — 005 52, 53 
392.0 оз 00) -- T sei em : x s (M10, M7, MI) 
15 з 0.075 б — 030 040 0580 065 0.75 $2, 53 
(50) (0.003) (0.007) (0:012) (0.016) (0.019) (0.025) (0.030) (MIO, M7, MI) 
70-25 — Solution treated 8 ы - z U : U S2.83 
and aged оу (00) ^ е et “тл 2 : (M10, M7, MI) 
14 : 0075 о 030 040 050 065 0.75 52, 53 
as) (0.003) (0.007) (0.012) (0.016) (0.019) (0.025) (0.030) (M10, M7, MI) 


(a) For holes more than two diameters deep, reduce speed and feed. Source: Ref 5 








of cut than many other metals, they are 
especially well adapted to turning in auto- 
matic equipment. 

The turning of high-silicon aluminum 
alloys (Ref 2) such alloy 390 is best 
accomplished with polycrystalline diamond 








tools at speeds up to 900 m/min (3000 sfm). 
Carbide tools are satisfactory for speeds up 
to 150 m/min (500 sfm). Carbide tools 
should be polished for best results. Either 
tool material should have at least a slight 
positive rake. The use of a coolant will 


always improve tool life; however, alloy 390 
can be turned dry, if required, but with 
somewhat reduced tool life. Dry turning 
speeds should be limited to 300 m/min (1000 
sfm) for diamond and 30 m/min (100 sfm) for 
carbide tools. 
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Table 15 Nominal speeds and feeds for the spade drilling of aluminum alloys with high-speed tool steels and 


carbide tools 








Feed, mmirev (п гез), af a nominal hole diameter of: 


200 o and ы 









































Hardness, 75mm Hmm 150 mm 200mm "Tool material grade, 
Material HB (500 kg) Condition. in) Gin) (4 in.) 6 in.) (8 in.) (8 in. and up) 150 (AISI or C) 
Wrought 
EC 3005 6066 3080 Cold drawn 90 040 045 065 090 110 165 190 2.30 53, S4, 55, $2 
1060 4002 6070 (300) (0.015) (0.018) (0.006) (0.035) 40.042) (0.065) (0.075) (0.000 (МІ, M2, M3, MIO) 
1100 5005 6101 185 0.30 0.36. 0.55 0.65 0.75 K20 
1145 — 5050 6151 (600) (0.012) 40.014) (0.022) (0.025) (0.030) (C2) 
1US — 50822 6253 75-150 Solution treated 84 090 110 165 — 1.90 2.30 ‚ S4, 85, $2 
1235 5056 6262 and aged 275) (0.035) (0075 — (0.090 (МІ, M2, M3, M10) 
2011 5083 6463 185 » 0.30 0.65 0.75 K20 
204 5086 6951 (600) (0.005) (0.006) (0.008) (0. (0.014) (0405) (0.030) (2) 
2017 5154 7001 
2018 52529 7004 
2001 5254 7005 
2024 5454 7039 
2025 5456 7049 
27 5457) 7050 
2218 56520 7075 
219 5657 7079 
2618 6053 7175 
3003 6061 7178 
3004 6061 
Cast 
Sand and permanent mold 
F332.0 520.0 40-100 — Ascast 90 040 — 045 065 090 110 165 190 2.30 S3. 54, 85, 82 
380 5350 (O0) (0.015) (0.018) (0.026) (0.035) (0.042) (0.065) (0.075) (0.090) (MI, M2, M3, MIO) 
3540 — 7050 185 013 015 020 030 036 055 065 0.75 K20 
355.0 7070 4600) (0005) (0.006) (0.008) (0.012) (0.014) (0.022) (0.025) (0.030) (С-2) 
А720 70-125 Solution treated — 84 040 045 065 090 10 165 1.90 230 53, S4, S5, 52 
07120 and aged (075) (0.015) (0.018) (0.026) (0.035) 40.075) — (0.090) (МІ, M2, M3, M10) 
711.0 5 013 015 020 030 0.65 0.75 K20 
3 mu 4600) (0.005) (0.006) (0.008) (0.012) (0.005) (0.030) (2) 
В443.0 A850.0 
5140 — B8S0.0 
(0 А5140 
A320 B514.0 
Hiduminium RR-350 
Source: Ref $ 
High-speed steel tools yield consistently Took . ... . Tungsten carbide, C3, SPG422 insert tool life would be even greater, to the right 


poor results. Tool wear is rapid, and work- 
piece buildup on the cutting tool is rapid and 
inconsistent, resulting in poor surface finish 
and difficult-to-control dimensions. 

Ceramic tools exhibit rapid tool edge 
buildup at high speeds with consequent loss 
of finish and geometry. At lower speeds, 
these conditions improve, but excessive 
heat transmitted to the ceramic material 
results in premature failure due to fracture 
of the tool insert. 

The best overall carbide grade has been 
found to be C-3, with C-2 as next best. Both 
are typical grades used for machining gray 
iron. It is desirable to have a good polish on 
the top rake face of the tool to minimize tool 
edge buildup. Any good natural or synthetic 
soluble-oil emulsion is recommended in or- 
der to prolong tool life. Generally, positive 
rake and relief angles and a sharp nose 
radius promote good surface finish and min- 
imize tool edge buildup for both carbide and 
polycrystalline diamond tools. Tool grades 
and geometry for turning 390 aluminum 
alloy are: 





h 
ine diamond, SPG422 insert 
0° Back rake angle 
rake angle 
5° Side rake angle 
5° End clearance angle (relief) 
5° Side clearance angle (relief) 
Minor cutting edge angle (end) 
15° Lead angle (side) 
0.76 mm (0.030 in.) corner radius 





Geometry... 


















Polycrystalline diamond destined to 
become the most cost-effective tool materi- 
al for machining harder and more abrasive 
casting alloys such as 390. It can ensure a 
potential improvement in transfer line pro- 
ductivity. 

Tool lives for the machining of alloys 380 
and 390 are shown in Fig. 14. The data 
represent the cutting times required to 
achieve a 0.38 mm (0.015 in.) uniform wear 
land on the flank face of the cutting tool 
(except for the die cast alloy 390 machined 
with diamond; in this case, cutting was 
stopped at a uniform wear land of 0.25 mm, 
or 0.010 in.; and the 0.38 mm, or 0.015 in., 











in Fig. 14). All of the turning tests, except 
for sand cast alloy 390, were conducted 
using soluble-oil emulsion coolant at the 
ratio of 20:1. The dashed lines in Fig. 14 
represent extrapolations of actual data 
(solid lines). 





The boring of aluminum alloys, particu- 
larly the alloys with high silicon content, 
requires the use of tools with acute rake and 
clearance angles. In general, rake angles are 
increased as silicon content is decreased. 
The same tool geometry and cutting tools 
used to turn high-silicon aluminum alloys 
such as 390 apply to boring operations of 
this same alloy (see the section ‘‘Turning of 
High-Silicon Aluminum Alloys” in this ar- 
ticle). 

Tool Material. Although high-speed steel 
tools are used to some extent for boring 
aluminum, carbide tools permit higher sur- 
face speeds (up to 300 m/min, or 1000 sfm, 
or more), with markedly longer tool life. 





778 / Machining of Specific Metals and Alloys 


Table 16 Maximum depths per drill entry for dri 


and chucking machines 





ing in automatic bar 











Table 18 Relation of drill diameter 
to approximate maximum depth of 
hole in gun drilling 

















First drill 1 г Second drill UNES Depth of hole, 
First Second Third First Second Third Subsequent |. mandet number of drill 
Drill type entry  emiry eniry entry emry етшу i mm in diameters 

Standard twist drill . id 1% » m x1 12 
High or low helix, or straight fute 5 2 1 n » Га га 13-25 "n 1 
25-38 I-A 6 
38-50 142... 5 
50-64 2-2% 4 
Table 17 Feeds for drilling aluminum alloys in automatic bar and 6475 23 3 


chucking machines 

















Feed 

Drill diameter Tolerance I 2011-13 — ‘Other atioys —| 

m m Tm =, m ь. 1 = P 
1.59 0.0625 *0.038 =0.0015 0.102 0.0040 0.10 0.004 
3.18 0.125 *0.05 0.305 0.0120 925 0.010 
475 0.187 05 20.002 0.366 0.0144 0.30 0.012 
6.35 0.250 +0.05 20.002 0.426 0.0168 0.36 0.014 
9.53 0.375 *0.064 *0.0025 0.518 0.0204 043 0.017 
12.70 0.500 £0,064 *0.0025 0.518 0.0204 0.43 0.017 
19.05 380; cosa +0,08 20.003 0.518 0.0204 0.43 0.017 








Carbide cutters readily yield surface finish- 
es of 0.25 to 0.50 ит (10 to 20 pin.). 

When used in conjuction with precision 
boring machines, diamond tools can pro- 
duce surface finishes of 0.025 um (1 pin.). 
They are also capable of holding size over a 
long production run. If the cut is continuous 
and the work metal contains no hard spots, 
diamond tools are most effective in boring 
the abrasive high-silicon alloys. 

Tool Sharpening. For optimum tool life, 
cutting edges and adjacent surfaces must be 
free of burrs and scratches. The hand ston- 
ing of cutting edges with an oil stone is 
recommended. When a carbide boring tool 
is sharpened with a 400- or 500-grit diamond 
wheel, surface finishes of 0.075 to 0.10 рт 
(3 to 4 pin.) can be obtained. 

Speed and Feed. The optimum speed for 
boring aluminum alloys depends somewhat 
on alloy and temper, but largely on tool 
material and whether the operation is 
roughing or finishing. Selection of feed de- 
pends largely on tool material and whether 
the operation is roughing or finishing. 

Nominal speeds and feeds for boring with 
high-speed steel and carbide tools are given 
in Table 9; speeds and feeds for boring 
aluminum alloys with polycrystalline dia- 
mond tools are given in Table 10. Speed is 
increased for a shallower depth of cut and 
lighter feed, regardless of the alloy or tool 
material. 

Depth of Cut. The speeds and feeds given 
in Tables 9 and 10 are based on a 2.5 mm 
(0.10 in.) depth of cut for roughing and 0.25 
mm (0.010 in.) for finishing. Depth of cut is 
sometimes greater than 2.5 mm (0.10 in.) for 
rough boring if power is available and the 
setup can be made sufficiently rigid. Finish- 
ing cuts significantly less than 0.25 mm 
(0.010 in.) in depth are seldom used. 

Cutting fluid is recommended, but bor- 
ing has been done dry. There is usually 
some sacrifice of productivity, dimensional 





accuracy, or surface finish when aluminum 
is bored without a cutting fluid. A mixture 
of one part soluble oil to 20 to 30 parts water 
is most commonly used. In addition. miner- 
al oil, or mineral oil mixed with up to 50% 
lard oil, is often used, especially when the 
best possible surface finish is desired. Mix- 
tures of kerosenes and lubricating oil are 
sometimes used. 

Procedures and equipment common to 
the boring of all metals are covered in detail 
in the article "Boring" in this Volume. 
Specific procedures for boring an aluminum 
alloy are described in the example that 
follows. 

Example 2: The Boring of Concentric 
Holes. Two small and two large holes were 
rough and finish bored from opposite sides 
of a heat-treated aluminum forging, as 
shown in Fig. 15. It was required that the 
large and small holes be concentric within 
0.010 mm (0.0004 in.) total indicator reading 
(TIR), parallel within 0.008 mm (0.0003 in.), 
and square with the surface within 0.008 
mm (0.0003 in.). The operation was done in 
a double-end precision boring mill, and car- 
bide tools were used. Details are given with 
Fig. I5. 





Planing and Shaping 


The techniques and equipment used for 
the planing and shaping of other metals are 
generally applicable to aluminum alloys. 
Planing methods are discussed in the article 
“Planing” in this Volume. Similar informa- 
tion for shaping appears in the article 








tools for n nid aluminum usually have a 
back rake angle of 30* or more (sometimes 
as much as 60°) and a 0° side rake. A speed 
of 90 m/min (300 sfm) is generally recom- 
mended as maximum; however, this speed 





is higher than can be obtained with most 
planers. 

Roughing feeds are about 2.3 mm (0.090 
in.) per stroke when depth of cut is near the 
recommended maximum of 13 mm (V: in.). 
When shallow cuts are necessary (for lack 
of power or other reasons), a heavier feed 
can be used. For a 2.5 mm (0.10 in.) depth 
of cut, feed can be increased to about 3.18 
mm (0.125 in.) per stroke. The finish planing 
of aluminum alloys is usually done with a 
cut no deeper than 0.25 to 0.38 mm (0.010 to 
0.015 in.) and a feed equal to three-fourths 
the width of the broad-nose finishing tool. 

Aluminum alloys are often planed with- 
out a cutting fluid. A cutting fluid is helpful 
in producing a better surface finish, but 
flooding with cutting fluid is seldom feasi- 
ble. When surface finish is a primary objec- 
tive, application of a mixture of kerosene 
and lubricating oil, or of kerosene and lard 
oil, by means of a swab is common practice. 
Sprayed cutting fluid is effective. Soluble- 
oil mixtures are ordinarily used in cutting 
fluid spray systems. Table 11 lists nominal 
speeds and feeds for the planing of wrought 
and cast aluminum. 

Shaping. Tool forms, tool materials, and 
cutting fluids for shaping aluminum are the 
same as those for planing. Maximum speed 
in shaping is usually the maximum ram 
speed of the machine. Feed and depth of cut 
also depend to some extent on machine 
capabilities. A feed of 0.51 to 0.76 mm/ 
stroke (0.020 to 0.030 in./stroke) for rough- 
ing and about 0.25 mm/stroke (0.010 in./ 
stroke) for finishing are common. Depth of 
cut is often as much as 0.25 mm (0.10 in.) 
for roughing and 0.51 mm (0.020 in.) or less 
for finishing. 





All aluminum alloys can be broached 
successfully with standard broaching equip- 
ment and with the same general procedures 
as for other metals. However, better sur- 
face finish and dimensional accuracy are 
obtained with heat-treated alloys. Details of 
equipment and procedures that are common 
to the broaching of all metals are covered in 
the article ""Broaching" in this Volume. 
The principal limitation in broaching alumi- 
num is the difficulty in maintaining an accu- 
rate relation between the broached hole and 





Table 19 Nominal speeds and feeds for the gun dri 
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ing of aluminum alloys with carbide tools 





























Carbide 
г - Feed, mires (in/reviin), at u nominal hole diameter of: toot 
Hardness, Speed, material 
WB mimin 14mm 4-6 mm 6-12 mm 12-18 mm 18-25 mm 25-50 mm — grade, 
Material 4500 kg) Condition (sfm) (0.078-0.156 in.) — (0.156-0.250 in.) (eM in.) (0-м in.) (5-1 in.) J 150 (C) 
Wrought 
EC 3005 30-80 Сом drawn 215 0.004.006 0.008-0.013 0.025-0.063. 0.038-0.075. 0.050-0.102 0.07540.13 K20 
1060 4032 700) 40.00015-0.00025) (0.0003-0.0005) (0.001-0.0025) (0.0015-0.003) — 40.000-O.004) (0003-0005) (CD) 
1100 5005 75-150 Solution treated 200 0.004-0.006. 0.008-0.013 0.025-0.063. 0.038-0.075 0.050-0.102 0.075-0.13 K20 
145 — 5050 and aged (650) (0.00015-0.00025) (0.0003-0.0005) (0.001-0.0025) (0.0015-0.003) ^ 10.002-0.004) (0.003-0.008) (C2) 
IUS 5052 
1235 5056 
2011 5082 
2014 508 
200 5154 
2018 5252 
2021 5254 
2024 5454 
2025 S456 
2117 5457 
эв 562 
2219 5657 
2618 6053 
393 — 6061 
304 6063 
Cast 
Sand and permanent mold 
AIO F332.0 5200 40-100 Asccast 200 0004-0006 0008-0013 00250 з 0038-0075 0,050-0.102.— 0.07-0.13.— K20 
20.0 3330 535.0 (650) (0.00015-0.00025) (0.0003-0.0005) 10.001-0.0025) 10.0015-0.003) (0.020.004) (0.003-0.005) — (C2) 
208.0 3540 7050 70-125 Solution treated 200 0.00410.006 —— 0.008-0.013 — 0.025-0.063 — 0.038-0.075 — 0.050-0.102 0.075-011 K20 
28,0 355.0 707.0 and aged (650) (0.00015-0.00025) (0.0003-0.0005) 10.001-0.0025) (0.0015-0.003) — (0.002-0.004) (0.003-0.005) (С-2) 
2220 ATI2.0 
224.0 D712.0 
242.0 7118 
295.0 7710 
8295,0 359.0 8500 
308.0 B443.0 А8500 
3190 514.0 BRS0.0 
3080 ASIA 
A3320 BS14.0 
Hiduminium RR-350 
Die castings. 
360.0 A380.0 40-100 As-cast 20 0004-0006 040080013 0005-0065 0028-0075 0,050.10 — 007-0.18.— K20 
A30 С4430 1650) (0.00015-0.00025) (0.0003-0.0005) 10.001-0.025) (0.0015-0.003) (0.002-0.004)  (0.003-0,005) 
3800 518.0 70-125 Solution treated 200 — 0.004-0.006 —— 0,008-0.013 — 0.025-0.063 —— 0.038-0.075 — — 0.050-0.102 0.075-0.13 
and aged (650) (0.00015-0.00025) (0.0003-0.0005) (0.001-0.0025) 10.0015-0.003) ^ (0.002-0,004) (0.003-0.005) — (C-2) 
383.0 40-100 — As-cast 200 004-0006 0008-00153 0025-0065 0,038-0.075 — 0,0500.10 0075-0135 K20 
Ао (650) 40.00015-0.00025) 10.0003-0.0005) (0.001-0.0025) (0.0015-0.003) — (0.002-0.004) (0.003-0.005) — (C2) 
413.0 70-125 Solution treated 200 0.004-0.006  0.008-0.013 — 0,025-0.063 —— 0.035-0.075 — 0050002 0.075013) K20 
A4130 and aged (650) (0.00015-0.00025) (0.0003-0.0005) (0.001-0.0025) (0.0015-0.003) — 40.002-0.004) (0.003-0.005) (С-2) 
3900 40-100 As-cast 150 — 0004-0006 0.008-0.013.— 0.020-0.050 0005-0065 0,038-0.075 — 0.050-0.102.— K20 
392.0 (500) (0.00015-0.00025)  (0.0003-0.0005) (0.0008-0.002) 10.001-0.0025) (0.0015-40.003) (0.002-0.004) — (C-2) 
70-125 Solution treated 135 0.004-0.006 — — 0.008-0.013 — 0.020-0.050 —— 0.025-0.063 0.038-0.075 — 0.050-0.100 К20 
and aged (450) (0.00015-0.00025) (0.0001-0.0005)(0.0008-0.002) (0.001-0.0025) (0.0015-0.003) (0.002-0.004) (С?) 


(а) Feeds are specified for single-flute gun drills. Source: Ref 5 





other surfaces of the workpiece, even when 
the starting hole is accurately located. 
Tool Material, The general-purpose high- 
speed steels, such as M2, are used for most 
tools for broaching aluminum. In some 
high-production operations, especially 
when broaching high-silicon alloys, broach- 
es made of the more highly alloyed high- 
speed steels or of carbide have proved 
economical. Surface treatments such as 
chromium plating or oxidizing help to pro- 
long the life of high-speed steel broaches. 
A fine finish on the tool can be important. 
In one application, the life of a high-speed 





steel broach was increased from 2000 to 
7400 pieces when the cutting edges were 
wet blasted with a superfine abrasive. 

Broach Design. In rough broaching, a 
coarse tooth pitch is desirable, with only 
two or three teeth in contact and cutting at 
any one time. For internal finish broaching, 
the best results are obtained if only two 
teeth are cutting; in external finish broach- 
ing, it is often best to have only one tooth 
engaging at a time. 

Broaches used for aluminum should have 
a face angle of 10°. For external surface 
broaching, the clearance angle should be 


312°; for internal broaching, 2°. Although a 
large clearance angle provides better cutting 
action, it markedly reduces broach life. 
Therefore, clearance angles should be kept 
to a minimum to reduce loss of size when 
the broach is sharpened. 

Speed and Feed. A speed range of 9.1 to 
15 m/min (30 to 50 sfm) is generally recom- 
mended for broaching aluminum alloys. 
When rigidity, supply of cutting fluid, and 
hardness of the work metal are nearly ideal, 
the upper portion of the range can be used. 
When one or more of these conditions is 
less than ideal, the speed can be reduced. 
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Greater feed per tooth (chip load) is rec- 
ommended for broaching aluminum alloys 
than for steel. A feed of 0.15 mm/tooth 
(0.006 in./tooth) is usually optimum for 
spline broaching and about 0.08 mm/tooth 
(0.003 in./tooth) for broaching round holes. 
Table 12 lists nominal speeds and feeds for 
machining both wrought and cast aluminum 
alloys. 

Cutting fluid is required for best results. 
A copious supply of soluble oil mixed with 
water is satisfactory for most applications. 
However, mineral oil, or mineral oil mixed 
with lard oil, will usually improve surface 
finish (see the section “Cutting Fluids" in 
this article). 

Production Practice. The following exam- 
ple provides details of typical practice in 
broaching aluminum. For the workpiece 
described in this example, broaching was 
the most feasible and least costly method of 
obtaining the required results. 

Example 3: The Broaching of Internal 
Splines. Internal splines were broached in a 
2017-Т4 aluminum clutch housing (Fig. 16). 
The splined hole contained eight teeth with 
32 diametral pitch, 20^ pressure angle, and 
partial dedendum; the internal diameter was 
5.550 mm (0.2185 in.). The length of the 
broaching cut was 7.49 mm (0.295 in.). The 
pull broach (details in Fig. 16) was made of 
high-speed steel, and broaching was done in 
a9 KN (1 tonf) vertical machine. Processing 
data are given in the table accompanying 
Fig. 18. 

Broaching of 390 High-Si n Alumi- 
num Alloy (Ref 2). Horizontal broaching 
has long been the preferred method for 
rough and finish machining for such com- 
plex cast iron castings as cylinder heads and 
engine blocks. Broaching permits several 
surfaces on such parts to be machined in 
exact relationship to each other because 
this relationship can be build into the 
broach tooling. Broaching also permits very 











high stock removal rates, and machine 
downtime is typically low. 

Because of their low hardness, modulus, 
and strength, aluminum casting alloys have 
traditionally been considered unlikely can- 
didates for this type of broaching. The cut- 
ting speed capability typical of a broach 
designed to machine cast iron is slow (7.610 
46 m/min, or 25 to 150 sfm). Most aluminum 
alloys are gummy at such speeds; because 
of relatively low hardness, chips clog the 
cutting teeth of the broach, and the surface 
of the resulting broached casti torn and 
rough. The unit tool forces, characteristic of 
such a broach, result in breakage of thinner 
casting sections and edge breakout on other 
sections (chipping of the trailing edge of the 
workpiece as the tool exits). The low mod- 
ulus of most aluminum castings, when com- 
pared to that of iron, also results in addi- 
tional fixturing and clamping requirements. 

One study concluded that alloy 390 could 
be broached at cutting speeds and tool 
geometries typical of existing iron cutting 
broaches with carbide tooling. Tool life was 
much better than that achieved for cast iron 
(Fig. 17). It also becomes evident that sur- 
face finishes better than 2.50 mm (100 pin.) 
could be obtained as long as the uncut chip 
thickness of each cutting edge was kept 
below 0.10 шт (0.004 in.) (Fig. 18). Such 
chip loads are typical of finishing cuts when 
broaching cast iron, and the surface finishes 
obtained are comparable to or better than 
those obtained with cast iron. The use of 
coolant had little effect on tool life or sur- 
face finish; however, coolant would tend to 
aid in chip disposal. 

Tests have shown that varying the rake 
angles, shear angles, and chip loads can be 
effective in reducing cutting forces during 
broaching. This approach to low-force tool- 
ing may not bc needed for alloy 390, be- 
cause the cutting forces are less than one- 
half the forces for cast iron in comparable 
roughing cuts using negative-rake tooling. 
However, these concepts have proved suc- 
cessful in reducing breakage while broach- 
ig lighter-weight, thin-wall gray iron parts 
and will also perform successfully when 
broaching alloy 390. 








Drilling in Drill Presses 


Although the standard twist drills and 
drilling equipment used for steel can be 
employed in drilling aluminum alloys, opti- 
mum results require drills of special design 
as well as higher rotational speeds and 
heavier feeds. Drills for aluminum are usu- 
ally made with deep, well-polished flutes, 
narrow margins, and large helix angles. 
Proper drill design and drilling practice will 
frequently permit the removal of three to 
four times as much aluminum as steel per 
unit of power. The article “Drilling” in this 
Volume discusses general equipment and 
practice. 


Table 20 Reamer design and 
operating conditions for reaming 
aluminum alloys 





ii " 


Reamer size 
Hand reaming, number 
times drill diameter 101 
Machine reaming, number 
times drill diameter 1.02 
Straight to 10° spiral 


Flute type ............... 
Tooth spacing 
Straight Mute ... Uneven(a) 
Spiral flute .........- Even 
Tooth style 
Roughing ... 20 Solid or nicked 
Finishing .........--...-+- Solid 
Top rake, degrees... 5-8 
‘Clearance angles. degrees 
Primary. кесинен E 
Secondary .....- va 15-20 
Cutting angle. degrees. ....... 85-91 
Land width, mm бп.) 1 0.51-1.52 
(0.020-0.060/) 
Operating conditions. 
Speed, roughing. m/min (sfm) 
Hard айоух....... . 560 (200) 
Soft alloys . ` 18-30 (60-100) 


Speed, finishing, m/min (sf) 
Straight reamers ~ 
Taper reamers 

Feed, mm/rev (in. 
Roughing... 
Finishing .. 


‚ 5120 (400) 
590 (300) 








0,33-0.89 (0.013-0,035) 
0.08-0.25 (0.003-0,010) 


(4) To avoid chatter. (b) Land width is upproximately V25 of 
тетет diameter, 








For drilling in drill presses, the helix 
angle of the drill should be increased with 
the depth of the hole to be drilled, ranging 
from a low-helix 24° angle for very shallow 
holes in thin stock to a high-helix (40 to 48°) 
angle for deep holes, for which freer cutting 
is important (Table 13). The high-helix drill 
has a more acute cutting angle, resulting in 
more rapid penetration and freer and clean- 
er cutting. Lands and margin are narrower 
than on the low-helix drill, resulting in re- 
duced friction and increased chip space in 
the flutes. The slightly greater resistance to 
chip movement can be overcome by polish- 
ing the flutes and supplying ample cutting 
fluid. This type of drill is recommended for 
deep holes, but is unsuitable for drilling thin 
stock because of its tendency to hog in. 

A twist drill with a 28° helix is suitable for 
holes of medium depth up to about six drill 
diameters. A drill with a 24° (or less) helix is 
recommended for thin stock because it has 
less tendency to overfeed. 

The point angle supplied on standard 
twist drills is 116 to 118°. The angle should 
be about 130 to 140° for drilling most alumi- 
num alloys to facilitate chip removal and to 
minimize burring. However, drills for high- 
silicon alloys should have a less obtuse 
point, down to about 90°, for ease of pene- 
tration. For drilling thin sheet, the point 
angle should be very obtuse to permit the 
drill to cut to its full diameter before the 
point breaks through. With this type of drill, 











Table 21 
carbide tools 
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Nominal speeds and feeds for the reaming of aluminum alloys with high-speed tool steel and 















































E * T = Finishing 1 
Hardness, Speed, Feed, mmirey (in./rev)ia), at a reamer Tool material Speed, Feed, mmirev (n.[rev)ia), ui a reamer Tool material 
HR mimin [— — diameter, mm (in.), of: —————) prade, ISO mimin diameter, mm (in), of: ——— prade, ISO. 
Material {500 kx) Condition (sm) 309) 6 (00) 1200) 250) 3501.5) 5002) (AlSlorC) (sm) 308 60) 1200) 2501) 350.5) 8002) (AIST or C) 
Wrought 
EC — X05 8X6 — 3-80 Colddrawn 150 018 025 040 050 065 075 53.54. 0.102 015 025 040 оз 050 53,54,52 
1060 4052 6070 ($00) 4.007) (0.010) (0.015) (0.020) (0.025) 40.030) (M1, М2 40.004) (0.006) (0010) (0015) (0018) (0.020) (МІ, M2, М7) 
100 505 601 305 013 OIR 025 040 050 065 0.102 015 025 040 045 050 к 
1145 5050 651 (1000) (0005) (0.007) (0.010) (0.015) (6020) (0.025) 40.004) (0.006) (0.010) 10.015) (0018) (0920) — (CZ) 
JUS $052 605) 74-150 Solution 150 OIR 025 040 050 065 075 53,54,50 55 010 015 025 040 оз 050 53,54,52 
1235 ses 6262 Wreated | (500) (0,007) (0,010) (0.015) (0.020) (0.025) (0.030) (MI, M2, М7) (180) (0.004) (0.006) 10.010) (0.015) (0.018) 40.000) (MI, M2, M7) 
юп S083 вз andaged 305 олу OIR 025 040 050 065 ко 76 0102 015 025 040 049 050 K20 
20145086 695] 41000) (0.005) (0.007) (0,010) (0.015) (0.020) (0.025) — (C2) (250) (0.004) (0.006) (0.010) (0.015) (0.018) (00) (С?) 
200. 5154 7001 
2018 5252 704 
221 $254 7005 
2024 5454 7039 
2025 м» 709 
207 м 7080 
ANS 5652 7075 
29 юз 7079 
ыз 6053 TUS 
юз 60 717% 
Aw. 6063 
Cast 
Sand and permanent mold 
AMÜ 02220 5200 40-00 Аксам 150 018 025 040 050 065 075 53,8452 49 0102 015 025 040 045 050 53,54,52 
2010 330 9350 (500) (0007) (0.010) 46.015) (0.020) (0.025) (0.030) (MI. М2, М7) (160) 4.004) (0.006) (0.010) (6.015) (0018) 10,020) (MI, M2, M7) 
200 3840 7050 305 013 018 025 040 ою об K20 76 0102 015 025 040 045 0% ко 
280 1950 707.0 40000) (0.005) (0.007) (0.000) (6.015) (0.020) (0.025) — (C- (250) (0.004) (0.006) (0.010) (0.015) (0.018) (0.020) (С-2) 
2020) CMS ATILO 70-125 Solution 120 018 0% 040 050 065 075 53,550 49 бї? 015 025 040 045 050 53.5452 
249 3560 D7120 Weated (ао) (0.007) (0.010) (0015) (0.020) (0.025) (0.030) (MI. М2. М7) (160) (0.004) (0.006) (0.010) (6.015) (0018) (0.020) (MI, M2, M7) 
M20 mao andaged 260 олу O18 025 040 050 065 Koo 76 015 025 040 045 05% K20 
2950 3870 710 (50) (0.005) (0.007) (0.010) (0.015) (0.020) (0025) (CH (250) (0.004) (0.006) (0.010) (0.015) (6.01) (0020) (С 
B295.0 3 8500 
3060 .0 ARS 
390 5140 MNSO.0 
2280 А540 
A320, 514.0 
Hiduminium RR-350 
Die castin 
360) 380.0 40-000 — Ascast 180 oig 025 040 050 065 075 53.54.50 37 010) 015 025 040 045 050 53,54,52 
А3600 443.0 (500) (0.007) (6.010) (0015) (0.020) (0.025) (0.030) (MI: М2, М7) (120) (0.004) (6.006) (0.010) (0.015) (0.018) (0.020) (MI, M2, M7) 
3800 5180 WS 013 Өк 025 040 050 065 ко 6 0.102 015 025 040 045 0% K20 
41000) (0.005) (0.007) (0.010) (0.015) (0.020) (0.025) (C2 (200) (0.004) (0.006) (0.010) (0.015) (0.018) (0400) — 4C.2) 
10-125 Solution 00 018 025 040 0.50 065 075 53,5482 37 0102 015 025 040 045 050 53 
treated (ду (0.007) (0.010) (0.015) (6.020) 40.025) (0.030) (MI, М2, M7) (120) (0.004) (0.006) (0010) (0.015) (0.018) (0.020) 
andaged 20 013 о 025 040 0.50 0,65 K20 60 0102 015 025 040 045 0% KW 
850) (0.005) (0.007) (0.010) (0.015) (0000) 0025 — (C2) 0200) 10.004) (0.006) (0.010) (0.015) (0.018) (0020 (Сл 
383.0 40-100 Асам 105 ois 025 040 050 оёз 075 53,5459 30 02 015 025 OW 049 050 53.54.52 
лао (350) (0.007) (0:010) (0.015) (0.020) (0.005) (0.080) (MI. М2. MT) (100) (0.004) (6.006) (0.010) (0015) (6.018) (0.020) (МІ, М2, М7) 
413.0 215 013 O18 025 040 050 065 ко $$ 0102 015 025 040 045 050 K20 
AO (700) (0.005) (0.007) 10.010) (0.015) (0.020) (0.025) (CD (175) (0.004) (6.006) (0.010) (0.015) (0.018) (60200 — (C.2) 
10-125 Solution 1S 0.18 025 040 050 065 075 53,5452) 30 0102 015 025 040 045 050 53.5452 
freated — (350) (0.007) (0010) (0.015) (6.020) (0.025) (0030) (MI, М2. М7) (100) (0.004) (0006) (6.010) (0.015) (0.018) (0.020) (M1, M2, M7) 
andaged 15 013 018 025 040 050 065 ко $3 010 015 025 040 045 0% K20 
(700) 10005) (0.007) (0.010) (0.015) (0.020) (0005) (CY — (075) 40.004) (0.006) (0.010) (0.015) (0.018) (0000  (C-2) 
300 40-00 Акам 30 018 025 040 050 065 075 53.54.509 24 013 020 030 045 050 $3, S4, 52 
392.0 (100) (0007) (6.010 (0.015) (0.020) (0.025) (0.030) (MI; М2, MD (80) (0.005) (0.008) (0.012) (0018) (0.020) (MI. M2, M7) 
60 018 025 040 050 065 075 к 30 013 020 030 045 050 X20 
(200 (0.007) (6.010 (0.015) (0.020) (0025) (0.030) — C-) — (100 (0.005) (0.009) (0.012) (0.018) (0.020) (0.025) (С? 
70-125 Solution 30 08 025 040 050 065 075 5л, 5,50) 24 013 020 030 оз ою 065 83.5452 
емей, (00) (0.007) (0.010) (0.015) (0.020) (0.025) (0.030) (MI. M2. M7) (80) (0.005) (0.008) (0.012) (0.018) (0.020) (0.025) (MI, M2, M7) 


and uged “ы ол 
200) (0.007) 


(a) Based on four Mutes for 3 and 6 mm (Vk and VA in.) reamers, six flutes for 





025 040 0.50 065 075 к 30 
(0:010) (0.015) (0.020) (0.025) (0000) (С?) 


0.3. 020 030 045 050 065 K20 
(0.005) (0-008) (0.012) (0.018) (0.020) (0.029) (С?) 


12 mm ( in.) reamers, and eight flutes for 25 mm (1 in.) and larger reamers. Source: Ref 5 





à spur point may be necessary to assist in 
centering. 

The standard lip clearance of 12 to 13* 
should be increased to about 17° for heavy 
feeds and for softer alloys. Insufficient lip 
clearance will cause excessive drill break- 
age. The drill cutting lips must be keen and 
smooth, and all surfaces over which the 
chip passes must be polished to minimize 
friction and chip buildup. Recommended 
point angles, helix angles, and lip clearanc- 
es are summarized in Table 13. 








Drill Material. Most drills for aluminum 
are made of high-speed tool steels; MI, M7, 
and M10 are the most common grades. Only 
rarely can the additional cost for drills made 
of a more highly alloyed grade of high-speed 
tool steel or of carbide be justified for 
conventional drilling in drill presses. 

Speed and Feed. With most drill presses. 
the peripheral speed of small-diameter drills 
is relatively low; therefore, such drills can 
be operated at the maximum efficient rota- 
tional speed of the machine. In general, 





high-speed tool steel drills can be oper- 
ated at a maximum of about 180 m/min 
(600 sfm). When variable speed is available, 
drill life can be increased in drilling deeper 
holes by bringing the drill up to speed grad- 
ually. 

Because of the ease of penetrating most 
aluminum alloys, feeds up to twice those 
used for drilling steel can be employed. 
Feed varies with drill diameter; the larger- 
diameter drills permit heavier feeds, as in- 
dicated belo’ 





782 | Machining of Specific Metals and Alloys 











8ч — Drill diameter 
mmnírey inJrey mm in. 
0.025 0.001 ... 16 Vie 
0.08 0.003 ... 32 ж 
0.18 0007... 64 v 
0.30 0.012 B D 
0! 0.016 19 % 
0.48 0.019 25 

0.64 0.025 эв D 
076 0.030 . 50 2 








Nominal speeds and feeds for wrought and 
cast aluminum alloys are listed in Table 14. 
Table 15 provides speed and feed data using 
spade drills. 

Cutting Fluid. Drilling of thin sections 
does not require a cutting fluid, but it is 
essential to both drill life and hole quality 
that a copious supply of cutting fluid be 
provided for all deep-hole drilling. Soluble- 
oil emulsions or kerosene and lard oil mix- 
tures are satisfactory for general drilling. In 
drilling to a depth greater than six times the 
drill diameter, the workpiece should be kept 
cool by spraying. In addition, the drill 
should be withdrawn several times during 
drilling to ensure that the cutting fluid 
floods the hole completely. 


Drilling Operations in 
Automatic Bar and 
Chucking Machines 


When drilling is done in multiple-opera- 
tion machines, it is especially important that 
the tool be correctly ground and set (see the 
section "Automatic Lathes’ in the article 
*Multiple-Operation Machining" in this 
Volume). Standard twist drills are generally 
used for drilling holes up to six diameters 
deep. For drilling deeper holes, drills that 
pass the chips up the flutes more readily are 
recommended. When machining 2017-T4, 
2024-T4, and 2011-13, straight-flute drills 
are generally used for drilling holes deeper 
than six diameters. Either high-helix or low- 
helix drills can be used for drilling deep 
holes. The web of the high-helix drill is 
uniform in thickness along the entire length 
of the body, providing large flutes for the 
chips. Wide flutes also characterize the 
low-helix drill. Both types give good re- 
sults, particularly in the drilling of soft or 
gummy alloys. For holes with a high ratio of 
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depth to diameter, half-round or gun drills 
are sometimes used, 

When standard twist drills are used for 
drilling deeper than three diameters, it may 
be necessary to enlarge the flutes. This can 
be done with a thin grinding wheel that has 
been dressed to a radius. The flute is held at 
an angle to the wheel to ensure the proper 
curvature in the flute. All flutes on a drill 
should be ground alike. 

Drill Margin. Margins along the edges of 
flutes support the drill in the hole and keep 
the drill cutting the correct diameter. When 
drilling aluminum alloys, standard drill mar- 
gins can often be reduced in width without 
loss of necessary support. The narrower 
margin reduces friction between the drill 
and the hole, thus reducing the amount of 
heat generated. In many production jobs, a 
narrower margin greatly increases drill life. 





Table 22 Nominal speeds for the 
tapping of aluminum alloys 








Speed 
Mey юв m 
Nonheat-treated cast айоух............... 35 US 
Heat-treated cast alloys. solution 

treated and аве. oust OF 90 
Cold-drawn wrought alloys... "E 
Heat-treated wrought alloys. solution. 

treated and aged Po ю жю 





Web Thickness. For drilling aluminum 
alloys, web thickness at the point should be 
reduced as the drill is ground back. This will 
reduce the end pressure on the drill because 
the chisel point does not cut but compresses 
the metal ahead of it. Generally, the web 
can be somewhat thinner at the point with- 
out making the drill susceptible to breakage 


Table 23 Nominal speeds for the tapping of aluminum alloys with 


high-speed tool steels 





Speed, mimin (sim) at a pitch, 
[rains (threndvin.), of: zi ee steel 























Hardness, 3 1-! tool material 
Material. HB (500 kg) Condition cen & 15) (16. MA grade, 150 (ATSI) 
Wrought 
EC 208 52520 6253 3080 Cold drawn y 3 7 з 82, 53 
юы 2219 5254 6262 (55) чө» (020) (125) (MIO, М7, MI) 
100 2618 3454 6463 75-1580 Solution treated 14 э 29 30 $2, S3 
145 3003 5456 6951 and aged мз 5) 8) 0100) (MIO, M7, MI) 
s 3 57 7001 
7004 
7005 
7039 
7049. 
7050 
7075 
1079 
7175 
7178 
ATI2.0 40-100 As-cast 15 26 34 35 $2, $3 
D712.0 СФ) @ dio 015) uo Mo MD 
713.0 70-125 Solution treated 12 20 27 S2, 53 
771.0 and aged d б) ES 8D MIO. MI, MD 
850.0 
5 A850.0 
355.0 5200 BRS0.0 
C3550 5350 
356.0 7050 
308.0 — A156.0 707.0 
Hiduminium RR-350 
Die castings 
3600 — A300 40-100 Асам ж м а 46 82,83 
A3600 443.0 в) пш (40) пзш (MIO M2, MD 
3800 518.0 70-125 Solution treated 14 — 23 30 82, 
and agcd d$ G9 бу n0) eno. NP MD 
383.0 40-100 — As-cast 20 ы 4 46 52, 53 
A384.0 (65) (110) (140) (150) (MIO, M7. MI) 
413.0 70-125 Solution treated 14 23 29 30 S2, S3 
A413.0 and aged (45) O5) (95) (100) (MIO, M7, M) 
390.0 40-100 — As-cast 17 30 34 37 S2, $3 
392.0 (55) (100) (10) (120) (MIO, M7, MI) 
70125 Solution treated 12 — 21 27 29 52, 53 
and aged (40) Cm (90) 095) (MIO. M7. MI) 


а) These speeds are for tapping 65 to 75% threads in shallow through holes. Reduce the speed when tapping deep holes, blind holes, 


‘or a higher percentage of thread. Source: Ref 





Cutting speed, віт 
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Fig. 21 Dil life ot various penetration rotes for 
g. several types of drills when drilling perma- 
nent mold 390 aluminum alloy. Source: Ref 2 
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Section A-A * 380 alloy 
Details of single-point threading tool 
Material 2. Carbide 
Cutting edge angle. deg .60 
Top rake angle, degrees. . 20 
Clearance angle, degrees . -7 
Operating conditions 
Speed, m/min (sfm)......... 145 (475) 
Diameter of bore, mm (in.). 243 (16) 

- 4.75 (0.187) 


Length of threads, mm tin.) 
Cutting fluid s Soluble oil:water 


(1:25) 









Setup time, h 1 
Cycle time, $ 40 
Production rate, piecesih. .......... 75 








; Die casting threaded in a single-spindle 
Fig. 22 chucking machine with a threading attach- 
ment. Dimensions in figure given in inches 


when drilling aluminum alloys than when 
drilling steel. 

For small-diameter drills, notched-point 
thinning is common. On larger drills, this 
type of point may produce a poor chip; 
therefore, the entire flute is ground at the 
point. The notched point is obtained by 
using the sharp corner of an abrasive wheel 
with the side of the wheel following the 
angle of the chisel point. The drill should be 
held at an angle to the wheel to form a slight 
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Table 24 Geometry and cutting conditions for the drilling and tapping 














of alloy 390 
Speed 
туре Damin чш Feed Coolant 
Drills 
Tungsten carbide tipped, coolant fed .... 90 300 508 mm/min (20 in./min) 34 L/min (9 gal./min) at 3.5 
MPa (500 psi), soluble oil 
20:1) 
High-speed steel, high helix, 
parabolic flute, noncoolant fed........ 20 70 381 mm/min (15 in./min) 19 L/min (5 gal./min), 
at 170 kPa (25 psi) soluble oil (20:1) 
High-speed steel, regular helix, 
coolant fed 20 70 4.6 mimin (15 sfm) 34 L/min (9 gal,/min) at 3.5 
MPa (500 psi), soluble oil 
20:1) 
Taps 
Thread forming, high-speed steel, 
four lubricant grooves ... 9 70 Determined by pitch 19 L/min (5 gal./min), 





Source: Ref 2 


soluble oil Q0:1) 





rake for the new cutting edge, which is 
ground to the center of the point of the drill. 

When the entire flute at the point is 
thinned by grinding, a thin wheel that has 
been dressed to a radius is used. The drill is 
held so that the flute is at an angle to the 
wheel, as when widening the flute. Most of 
the metal should be ground off the back of 
the land, and care must be taken not to 
grind the rake formed by the helix angle 
from the cutting edge or to destroy the 
shape of the cutting edge. Thinning of the 
web must be done uniformly in each flute to 
ensure that the cut remains balanced on 
both sides of the centerline of the drill. 

Cutting-Lip Angle. In general drilling 
practice, if holes are not too deep. a stan- 
dard included cutting-lip angle of 118° will 
give a satisfactory performance. However, 
if deeper holes are drilled with this cutting- 
lip angle, the chip produced does not come 
out easily. For drilling deeper holes, larger 
included cutting-lip angles are used, form- 
ing a narrower chip that readily passes up 
the flutes. 

Occasionally, smaller cutting-lip angles 
can be used because the transverse forces at 
the cutting edges are greater and the tool 
can drill without runout. However, a broad- 
er chip is produced. When several drills are 
used in the same hole, each succeeding tool 
should have a slightly more blunt cutting-lip 
angle than that of the preceding one, so that 
it can center at the outside of the cutting 
edges. 

The clearance angle behind the cutting 
edges should be 12 to 20°. Larger clearances 
are used for straight-flute drills and for drills 
ground with large cutting-lip angles. Clear- 
ance should extend from periphery to cen- 
ter so that the chisel point is at an angle of 
130 to 145° with the cutting edges. 

Rake angles are set by the helix angle of 
the drill. For standard twist drills, this is 
usually 20 to 25°; for high-helix drills, 40 to 
43°; for low-helix drills, 7 to 15°; and for 
straight-flute and half-round drills, 0°. 





Center Drills. When a drill starts against a 
flat surface, it may skid sideways before 
cutting, particularly if it is small or pro- 
trudes considerably from the holder. This 
may cause the drill to break or to cut 
off-center. Therefore, except with large, 
rigidly held drills, a center drill is recom- 
mended to provide an accurate start. 

For maximum rigidity, center drills 
should be of relatively large diameter and 
short length. Unless a countersink of a 
special angle is to be left in the workpiece, 
an included cutting-lip angle of 90° should 
be used. In general, for proper centering, 
the outside of the cutting lips of the drill that 
follows the center drill should strike the 
stock first, ensuring adequate support. 

Depth of Hole. In multiple-operation ma- 
chines, to prevent chips from jamming in 
the flutes and causing drill breakage when 
deep holes are being drilled, a limit must be 
set on the depth drilled with each entry of 
the tool. The maximum depths, in terms of 
drill diameter, that can be drilled per entry 
under normal production conditions are giv- 
en in Table 16. Before reentry, the drill 
should be completely backed out of the hole 
so that the chips can be washed away. 

The type of workpiece, the number of 
positions on the machine available for drill- 
ing, and the type of machine determine the 
practice for drilling deep holes. It is some- 
times economical to use several drills for 
drilling deep holes. 

For holes more than eight diameters 
deep, half-round or gun drills are often 
used. To ensure adequate support for the 
half-round drill when it starts cutting, an- 
other type of drill should be used to drill a 
starting hole three diameters or more deep. 
The half-round drill can drill four diameters 
deeper in the first entry of the started hole. 

Drill Speed. Generally, small-diameter, 
high-speed tool steel drills can be operated 
at speeds up to 180 m/min (600 sfm). How- 
ever, when larger drills are used to remove 
large quantities of metal at a rapid rate, 
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Fig. 23 three end mill geometries designed for the cutting of aluminum alloys. (a) Conventional milling. (b) Heavy metal removal. (c) Finishing operations. Source: Ref 1 


lower speeds will give more economical 
drill life. A guide for choosing proper 
speeds for most conditions is: 











Г Dail diameter — [ Speed 1 
mm in. mímin stm 
<25 180 600 
25-38 ‚170 550 
>38 . M0 450 








Feed for drilling in multiple-operation ma- 
chines depends on the size and strength of 
the drill; finish, tolerance, and concentricity 
desired; and power available. As feed is 
increased, torque on the drill increases, 
until the breaking point may be reached. On 
the other hand, lower feed produces thinner 
chips, which are more likely to clog the 
flutes than thicker chips. Clogging is likely 
to break the drill or mar the finish of the 
workpiece. 

Recommended drill feeds are given in 
Table 17 for drill sizes up to 19.05 mm 
(0.750 in.) in diameter. Feeds for larger 
drills usually depend on the power available 
in the machine. 

For greater accuracy and better finish, 
lower feed may be necessary. For deep 
holes, machined with several entries, feed 
should be decreased 1576 for each succes- 
sive entry. Lower feed should be used to 
drill thin-wall parts. 

Power Requirements. When large quan- 
tities of metal are removed, lower feed may 
be necessary to keep the power within the 
limits available in the machine. When drill- 
ing with standard drills (ground to 118° 
included cutting-lip angle and 15° clearance) 
to four diameters deep in 2017-T4 and 2024- 
T4, the metal removal rate is 18 000 to 
24 000 mm?/min/kW (1.5 to 2 in."/min/hp). 
For 2011-T3, the rate is 31 000 to 37 000 
mm"/min/kW (2.5 to 3.0 in."/min/hp). These 
figures are based on à feed of 0.43 mm/rev 
(0.017 in./min). With lower feed, the rate of 
metal removal decreases. 





Drill Size Versus Hole Size. Drills, when 
properly ground and set, will cut aluminum 
alloys to size or not more than 0.05 mm 
(0.002 in.) oversize. However, any condi- 
tion that causes overheating is likely to 
decrease the size of the hole when it is 
measured after the workpiece has cooled. 
This is especially noticeable when drilling 
large holes. The drilling of deep holes at a 
high feed rate will decrease hole size in 
relation to drill size. Other tools working 
simultaneously will sometimes generate 
enough heat to cause the production of 
holes close to or even smaller than drill size, 
as measured after the workpiece has cooled 
to room temperature. 


Deep-Hole Drilling 


Gun drills, tipped with either carbide or 
high-speed tool steel, have replaced twist 
drills for many deep-hole drilling applica- 
tions, regardless of the metal being drilled. 
In gun drilling, the maximum depth of hole 
that can be drilled successfully is generally 
related to drill size (Table 18). The length- 
to-diameter relationships shown in Table 18 
are generally standard, although gun drills 





Direction of rotation 


having much greater length-to-diameter ra- 
tios are often used. Table 19 lists nominal 
speeds and feeds for the gun drilling of 
wrought and cast aluminum alloys. 

Gun drills, with a single-flute cutting head 
and grooved shank, must have a sufficient 
flow of cutting fluid under high pressure at 
the point where the cutting edge contacts 
the work; this keeps the cutting edge cool 
and ensures that the chips will be forced out 
through the chip groove. Cutting fluid is 
normally applied at a pressure of 3.4 to 4.1 
MPa (500 to 600 psi) for drills 9.5 mm (% in.) 
in diameter or smaller and at 2.1 to 2.8 MPa 
(300 to 400 psi) for larger drills. A pump of 
3.7 kW (5 hp) capacity is usually required 
for average applications. A paraffin-base oil 
with a viscosity of 100 to 125 SUS at 40 °C 
(100 °F) has been used satisfactorily in gun 
drilling aluminum with a 9.5 mm (% in.) 
diam drill at a speed of 90 m/min (300 sfm) 
for high-speed tool steel or 180 m/min (600 
sfm) for carbide and at feeds of 0.025 to 0.08 
mm/rev (0.001 to 0.003 in./rev). 

Although deep-drilling problems have 
been alleviated to some extent by the devel- 
opment of gun drills and special gun drilling 
equipment, this equipment is expensive and 





Sintered 
carbide tip 








Fig. 24 special two-cut tooth end mill with sintered carbide cutters. Dimensions given in millimeters. Source: Ref 4 
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Direction of rotation 









Sintered 
carbide tip 


Tool geometry for special two-tooth sintered carbide-tip milling cutter used to cut aluminum alloys. 
Fig. 25 
^ 4 


Dimensions given in millimeters. Source: 


cannot always be justified. The following 
example describes a deep-hole drilling ap- 
plication that utilized available equipment 
(in this case, a boring mill). 

Example 4: Deep-Hole Drilling in a 
i The 914 mm (36 in.) diam, 914 
mm (36 in.) long explosive forming die 
illustrated in Fig. 19 was originally made up 
from nine 102 mm (4 in.) thick aluminum 
alloy plates. Because no plate stock obtain- 
able was wide enough to make a 914 mm (36 
in.) diam one-piece plate, each round plate 
was made by doweling together two 102 mm 
(4 in.) thick half-sections. As each 102 mm 
(4 in.) plate section was completed by ma- 
chining the die cavity hole through its cen- 
ter and drilling 12 tie-bolt holes, it was 
mated to the next 102 mm (4 in.) thick plate 
until the die was completed. Each individ- 
ual plate was placed on the preceding plate 
so that the half-section cut lines were 90* 
from those in the preceding plate. Then 
each section was doweled with two pins to 
the next, completing the die. 

By the improved method of producing 
these dies, four 914 mm (36 in.) diam, 229 
mm (9 in.) thick forgings were obtained. 
These forgings were machined (as were the 
102 mm, or 4 in., thick plates) individually 





and doweled to one another to maintain 
alignment. The assembly was then set up in 
à boring mill as shown in Fig. 19. Each of 
the 41 mm (1% in.) diam tie-bolt holes was 
drilled in one pass using a standard gun 
drill. Drilling time was reduced from 7 h by 
the original method to / h by the improved 
method. 

The boring mill was modified by adding a 
hydraulic pump with a capacity of 154 L/ 
min (40.6 gal./min) to supply cutting fluid to 
the drill point at 2.1 MPa (300 psi). A baffle 
plate and filter system were installed to 
handle the flow of oil. 


The machines, basic designs of reamers. 
and techniques discussed in the article 
"Reaming" in this Volume are generally 
applicable to aluminum alloys. 

Reamer Design. Because it is less likely 
to cause chatter, a spiral-flute reamer (solid, 
expandable, or adjustable) is generally pref- 
erable to a straight-flute reamer for finishing 
holes in aluminum alloys. In most applica- 
tions, it is advantageous to use a reamer 
with a negative spiral (this is, one spiraled in 
the direction opposite to rotation) to pre- 


vent the reamer from feeding itself into the 
hole. Flutes should be large enough to pass 
the chips readily, and there should be 
enough flutes to provide adequate support 
to the tool. The margins of straight-flute 
reamers should be as narrow as possible to 
reduce friction. between tool and work. 
Straight-flute reamers are designed with an 
even number of blades arranged opposite 
each other in pairs, but with flute spacing 
varied slightly to prevent chatter and mark- 
ing. 

Spiral flutes (right-hand cut, left-hand spi- 
ral) are frequently more effective than an- 
gular spacing in reducing chatter. However, 
a spiral-flute reamer must have sufficient 
spiral so that two or more flutes overlap in 
the length of the reamed hole. The spiral 
angle must be held to a minimum because 
the steeper the angle, the more end pressure. 
is required to feed the reamer through the 
hole. Additional reamer design data are 
given in Table 20. 

When the hole has close tolerances and 
rigid surface finish requirements, the ream- 
ing procedure must sometimes be altered. If 
the design of the workpiece permits, spiral- 
flute reamers with 7° hook will produce fine 
finishes, especially on angular surfaces. 
When reaming diameters of 19.05 mm 
(0.750 in.) or larger, a carbide-tip expand- 
able reamer will produce good finish and 
provide extended tool life. 

Speed and Feed. The nominal speed for 
reaming the nonheat-treated cast alloys 
with high-speed tool steel (M1, M2, or M7) 
reamers is 150 m/min (500 sfm). For all 
other cast and wrought alloys (excluding 
high-silicon alloys), speed should be about 
120 m/min (400 sfm). 

When reaming the nonheat-treated cast 
alloys with carbide tools, nominal speed is 
300 m/min (1000 sfm). For other cast and 
wrought alloys (excluding — high-silicon 
alloys), nominal reaming speed is 260 m/min 
(850 sfm). 

Feed rate in reaming aluminum alloys is 
generally the same for all alloys and tool 
materials; hole size, however, does affect 
optimum feed, as indicated below: 











[ Feed 1 Hole diameter 
тиге in./rev mm in. 
0.13 TO з» унде ‚ШЕ h 
0.18 0.007. i - 64 и 
0.30 0.012. eene мернат, % 
0.38 0.015..... secures Ж 1 
0.51 0.020......... ese dB 1% 
0.76 0.030... ore 50 2 





Table 21 lists nominal speeds and feeds for 
the rough and finish reaming of aluminum 
alloys. 

Cutting Fluid. At high reaming speed, a 
cutting fluid is required for reducing the 
temperature in the workpiece, minimizing 
distortion, and preventing undersize ream- 
ing. For reaming with high-speed tool steel 
reamers, mixtures of lard oil and paraffin oil 


786 / Machining of Specific Metals and Alloys 


Table 25 Nominal speeds and feeds for the peripheral end mil 
steel and carbide tools 





ing of aluminum alloys with high-speed tool 






































[High-speed steel took T Carbide tool 1 
Radial Г Feed, mm/tosth (in tooth) — [— Feed, тилоо (in tooth] 
Hardness, depth of Speed, with a cutter diameter. ‘Tool material Speed. with а cutter diameter of: Tool material 
HB in 10mm 12mm 18mm 25-50mm grade, 50 mímin 10mm 2mm Imm 25-Sümm grade, ISO 
Material (500 kg) Condition бзш.) (iim) (баш) (-2im) (АЈ (fm) Chin) (in) Gin) (1-2 in.) € 
Wrought 
EC 3005 6066 30-80 Cold drawn 05 245 0.075 0.00 0.13 018 54,55,52 395 0075 0.100 0.13 018 K20, M20 
1060 4032 6070 (0.020) (800) (0.003) (0.004) 0.005) (0.007) (M2, M3. M7) (1300) (0.003) (0.004) (0.005) (0.007) — (C-2) 
1100 5005 6101 Ls 185 0.102 0.15 020 — 025 305 0.102 0.15 020 0.25 
145 5050 6151 (0.060) (60) (0.004) (0.006) (0.008) (0.010) (1000) (0.004) (0.006) (0.008) (0.010) 
1175 5052 6253 diam/4 150 0.075 0.102 0.15 020 275 0.075 013 015 — 020 
1235 5056 6262 (diam/4) (500) (0.003) (0.004) (0.006) (0.008) (900) (0.003) (0.005) (0.006) (0.008) 
2011 5083 6463 diam2 120 0.050 0.075 0.3 0.15 245 0.050 0.102 0.13 0.15 
2014 5086 6951 (diam/2) (400) (0.002) (0.003) (0.005) (0.006) (800) (0.002) (0.004) (0.005) (0.006) 
2017 5154 7001 75-150 Solution treated 0.5 245 0.075 0.102 бїз 018 54,55,5820 395 0075 0.102 0.13 018 К20, M20 
2018 5252 7004 and aged (0.020) (800) (0.003) (0.004) (0.005) (0.007) (M2, M3, M7) (1300) (0.003) (0.004) (0.005) (0.007) — (C2) 
2021 5254 7005 1.5 185 0.102 0.15 0.20 0.25 305 0.102 0.15 020 025 
2024 5454 7039 (0.060) (600) (0,004) (0.006) (0.008) (0.010) (1000) (0.004) (0.006) (0.008) (0.010) 
2025 5456 7049 diam 150 0.075 0.102 0.15 0.20 275 0.075 0.13 0.15 020 
2117 5457 7050 (diam/4) (500) (0.003) (0.004) (0.006) (0.008) (900) (0.003) (0.005) (0.006) (0.008) 
2218 5652 7075 Чат? 120 0.050 0.075 0.13 0115 245 0050 0.102 0.13 015 
2219 5657 7079 (diam/2) (400) (0.002) (0.003) (0.005) (0.006) (800) (0.002) (0.004) (0.005) (0.006) 
2618 6053 7175 
3003 661 7178 
3004 6063 
Cast 
Sand and permanent mold 
Al40 F332.0 520.0 40-100 As-cast 0.5 305 0475 0.102 0.13 018 54.55.50 395 0075 0102 015 018 — K20, M20 
20.0 333.0 $350 (0.020) (1000) (0.003) (0.004) (0.005) (0.007) (M2. M3, М7) (1300) (0.003) (0.004) (0.005) (0.00) — (C-2) 
208.0 3540 7050 15 245 0.102 0.15 020 0.25 305 0.100 0.15 020 025 
2130 3550 7070 40.060) (800) (0.004) (0.006) (0.008) (0.010) (1000) (0.004) (0.006) (0.008) (0.010) 
2220 С355.0 A712.0 diam/4 185 0075 0.102 0.15 — 020 275 075 013 015 0.20 
2240 3560 D7120 (diam/4) (600) (0.003) (0.004) (0.006) (0.008) (900) (0.003) (0.005) (0.006) (0.008) 
242.0  A356.0 713.0 diam/2 150 0.050 0475 0.13 015 245 0,050 0.100 013 0.15 
2950 3520 771.0 (diam/2) (500) (0.002) (0.003) (0.005) (0.006) (800) (0.002) (0.004) (0.005) (0.006) 
B295.0 359.0 850.0 70-125 Solution treated 05 245 0475 0.102 0.13 018 S4, S5. S2.— 395 0.75 0.02 013 018 К20, M20 
308.0 В443.0 A850.0 and aged (0.020) — (800) (0.003) (0.004) (0.005) (0.007) (M2. M3, M7) (1300) (0.003) (0.004) (0.005) (0.007) — (C-2) 
3I90 514,0  B850.0 1.5 185 0.102 0.15 020 0.25 305 0.100 0.15 020 025 
308.0 А5140 (0.060) (600) (0.004) (0.006) (0.008) (0.010) (1000) (0.004) (0.006) (0.008) (0.010) 
A332.0 BS14.0 diam/4 150 0.075 0.102 0.15 — 020 275 0075 0.13 015 0.20 
Hiduminium RR-350 (diam/4) (500) (0.003) (0.004) (0.006) (0.008) (900) (0.003) (0.005) (0.006) (0.008) 
Чат? 120 0.050 0.075 0.13 0.15 245 0.050 0.102 0.13 0.15 
(diam/2) (400) (0.002) (0.003) (0.005) (0.006) (800) (0.002) (0.004) (0.005) (0.006) 
Die castings 
360.0 40-100 As-cast 0.5 305 0075 0.102 0.108 018 54, 2 395 0475 0.102 013 018 К20, M20 
А3600 (0.020) (1000) (0.003) (0.004) (0.005) (0.007) (М2, M3. М7) (1300) (0.003) (0.004) (0.005) (0.007) (С-2) 
380.0 1.5 245 0.000 0.15 020 025 305 0.102 0.15 020 0.25 
A380.0 (0.060) — (800) (0.004) (0.006) (0.008) (0.010) (1000) (0.004) (0.006) (0.008) (0.010) 
Саз. diam/4 185 0.075 0102 0.15 0.20 275 0.075 013 015 — 020 
518.0 (dianv4) (600) (0.003) (0.004) (0.006) (0.008) (900) (0.003) (0.005) (0.006) (0.008) 
diam 150 0.050 0.075 0.13 015 245 0.050 0.102 0.13 015 
(diam/2) (500) (0.002) (0.003) (0.005) (0.006) (800) (0.002) (0.004) (0.005) (0.006) 
70-125 Solution treated 05 275 0075 0.102 0.13 018 54,55,50 395 0.075 0.102 0.13 018 — K20, M20 
and aged (0.020) (900) (0.003) (0.004) 40.007) (M2. M3, M7) (1300) (0.003) (0.004) (0.005) (0.07) — (C-2) 
1.5 215 0.102 0.15 0.25 305 0.102 0.15 020 0.25 
(0.060) (700) (0.004) (0.006) (0:010) (1000) (0.004) (0.006) (0.008) (0.010) 
diam/4 150 0.075 0.102 020 275 0075 0.13 015 0.20 
(diam/4) (500) (0.003) (0.004) (0.008) (900) (0.003) (0,005) (0.006) (0.008) 
Чат? 120 0.050 0.075 5 24$ 0080 0.400 013 01% 
(дап?) (400) (0.002) (0.003) (0.006) (800) (0.002) (0.004) (0.005) (0.006) 
383.0 40-100 As-cast 0.5 275 0075 04102 0.18 54. 55,50 395 0075 0102 0.13 018 К20, M20 
A384.0 (0.020) — (900) (0.003) (0.004) (0.007) (М2, M3. M7) (1300) (0.003) (0.004) (0.005) (0.07) (С-2) 
413.0 15 215 0.102 015 025 305 0.100 015 020 025 
A413.0 (0.060) — (700) (0.004) (0.006) (0.010) 41000) (0.004) (0.006) (0,008) (0.010) 
diam/4 150 0.075 0.102 0.20 275 0.075 0.13 015 0.20 
(diam/4) (500) (0.003) (0.004) (0.008) (900) (0.003) (0.005) (0.006) (0.008) 
Чат? 120 0.050 0.075 0. 0.15 245 0050 0102 013 015 
(diam/2) (400) (0.002) (0.003) (0.005) (0.006) (800) (0.002) (0.004) (0.005) (0.006) 
70-125 Solution treated 05 245 0.75 0102 0.13 018 S4,S5.S2 305 0475 0102 0.13 018 К20, M20 
and aged (0.020) (800) (0.003) (0.004) (0.005) (0.007) (M2. M3. M7) (1000) (0.003) (0.004) (0.005) (0.007) — (C 
15 185 0.102 0.15 020 025 275 0102 0.15 020 0,25 
40.060) (600) (0.004) (0.006) (0.008) (0.010) (900) (0.004) (0.006) (0.008) (0.010) 
diam4 120 0.075 0.102 0.15 020 245 0.075 0.13 015 0.20 
(diam/4) (400) (0.003) (0.004) (0.006) (0.008) (800) (0.003) (0.005) (0.006) (0.008) 
Чат? 90 0.050 0.075 013 015 215 0.050 0.102 0.15 020 
(дап?) (300) (0.000) (0.003) (0.005) (0.006) (700) (0.002) (0.004) (0.005) (0.008) 
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Table 25 (continued) 
High-speed steel tool T Carbide tool 1 
Radial Г Feed, тилоо (in. tooth) — J Feed, mmtooth (in. tooth) 
Hardness; depth of Speed, with а cutter diameter of: ‘Tool material — Speed, with и cutter diumeter of: Too! material 
ив сща) пша 10mm 12mm 18mm 25-50mm grade, 150 тїз Wmm 12тт 18mm 25-50тт grade, ISO 
Material (500 kg) Condition амт (а) (dm) Osin) (^im) Gain) (I-limJ (AIS (fm) bin.) (in) Gin) (-2inJ «© 
390.0 40-100 As-cast 0.5 90 0075 0.00 0.13 Оз 54,55,52 185 0.075 0.100 013 018 — K20. M20 
392.0 (0.020) (300) (0.003) (0.004) (0.005) (0.007) (M2. МЗ, М7) (600) (0.003) (0.004) (0.005) (0.07) — (C- 
15 60 0102 0.15 020 025 150 0.102 0.15 020 025 
40.060) (200) (0.004) (0.006) (0.00) (0.010) (500) (0.004) (0.006) (0,008) (0.010) 
diam4 55 0075 0.102 013 0.18 120 0.075 013 015 0.20 
(diamiá) (175) (0.003) (0.004) (0.005) (0.007) (400) (0.003) (0.005) (0.006) (0.008) 
Чат? 46 0.050 0.075 0.102 0.13 90 0.050 0.102 0.13 5 
(diam/2) (150) (0.002) (0.003) (0.004) (0.005) (300) (0.002) (0.004) (0.005) (0. 
70-125 Solution treated 0.5 76 0475 0.102 0.13 018 54,55,5209 150 0.075 0102 0.13 0. 
and aged 40.020) (250) (0.003) (0.004) (0.005) (0.007) (M2. M3. М7) (500) (0.003) (0.004) (0.005) (0.007) — (C2) 
L5 60 0102 015 020 025 120 0.100 0.15 020 025 
40.060) (200) (0.004) (0.006) (0.008) (0.010) (400) (0.004) (0.006) (0.008) (0.010) 
diam — 46 0.075 0.102 0.13 0.18 90 0.075 0.13 0.15 020 
(diami4) (150) (0.003) (0.004) (0.005) (0.007) (300) 40.003) (0.005) (0.006) (0.008) 
diami2 38 0.050 0.075 0.102 0.13 60 0.050 0102 0.3 0415 
(diam/2) (125) (0.002) (0.003) (0.004) (0.005) (200) (0.002) (0.004) (0.005) (0.006) 


(a) For standard-length end mills, maximum axial depth can be up to 1.5 times the cutter diameter, Source: Ref 5 





or kerosene, or of petroleum and turpen- 
tine, are especially recommended, Sulfur- 
ized and chlorinated oils are often used, but 
they are likely to stain the work. With 
carbide reamers, emulsions of soluble oil 
and water are the most widely used cutting 
fluids. 

Reaming and Burnishing. When diffi- 
culty is encountered in obtaining the desired 
tolerance and surface finish, it may be nec- 
essary to employ two-stage finishing—for 
example, to ream the hole 0.013 mm (0.0005 
in.) under the specified dimension and then. 
to burnish it to size and finish requirements 
(see the article Roller Burnishing" in this 
Volume.) 

Reaming in Automatic Machines. A 
finishing reamer for use in automatic bar 
and chucking machines is shown in Fig. 20. 
This reamer finishes three diameters and 
faces the part to length. A radial rake angle 
of approximately 7° helps improve surface 
finish, particularly in reaming angular sur- 
faces. The varied angular spacing of the 
flutes is intended to minimize slip, deflec- 
tion, and chatter. 














Burnishing 


In the roller burnishing of aluminum, 
tools of hardened and polished steel are 
normally employed to finish a surface by 
compressing the surface while either the 
tool or the work is rotating. Holes in alumi- 
num are also sometimes burnished in pro- 
duction by pressing a bearing-grade steel 
ball through the bore to improve the finish. 


Tapping 

Taps for producing threads in aluminum 
are usually made of one of the general- 
purpose grades of high-speed tool steel such 
as М1, M7, or MIO. Taps should have 
polished flutes and ample backoff behind 


the land to prevent the pickup of work metal 
when the tap is withdrawn. Pitch diameters 
should be one thread class higher than those 
normally used for steel to compensate for 
elastic deformation during the tapping pro- 
cess. 

Taps with a diameter less than 9.5 mm (Y& 
in.) should have no more than two flutes. 
Larger taps should have the maximum num- 
ber of flutes that will give the relationships 
of land width to circumference shown be- 
low: 





Tap circumference. 
m "m Optimum hund, % 
13-25 Yet 

25-44 ГАА 

>44 E 








The straight-flute tap is satisfactory for 
use with many aluminum alloys. The spiral- 
flute tap can be used for any of the alloy: 
this is better than the straight-flute type, 
especially for tapping soft material. A spi- 
ral-flute tap for cutting right-hand threads 
should have a right-hand spiral of about the 
same angle as that found on an ordinary 
twist drill; it should have a generous taper, 
and this taper should be backed off. The top 
rake on the front face should be approxi- 
mately 25 to 45°, The rake on the back face 
enables the tap to cut rather than bind when 
it is reversed, and it provides a clean thread. 
The spiral-flute tap will bridge a keyway or 
slot in a hole and aid in the movement of 
chips from the hole. 

Taps for through holes and the harder 
aluminum alloys should be provided with a 
hook angle of 10 to 20°, a spiral point, 3 to 4 
threads chamfer, and a pitch diameter of 
GH2 (basic plus 0.013 to 0.025 mm, or 
0.0005 to 0.001 in.) or GH3 (basic plus 0.025 
to 0.038 mm, or 0.001 to 0.0015 in.). Taps 
for blind holes and soft alloys should have 
10 to 15° hook and 40° right-hand spiral 
flutes. 





For tapping blind holes less than 3.2 mm 
UA in.) in diameter, spiral flutes should be 
avoided. For best size control, it is prefer- 
able not to bring the chip up the flute but to 
push it ahead of the tap with a spiral point. 
The efficiency of tapping may be greatly 
improved by a change in tooling or method— 
for example, a change from a solid tap to a 
collapsible tap. 

The tapping speed recommended for 
aluminum is considerably higher than the 
speeds used for steel. Alloy composition 
and condition, thread pitch, and method of 
tapping are major factors affecting tapping 
speed. 

Assuming that the thread pitch is fine (18 
to 24) and that the operation can be closely 
controlled (as in leadscrew tapping), the 
nominal speeds given in Table 22 are gener- 
ally suitable. 

For coarser pitches, such as 8 to 12, any 
of the speeds given in Table 22 will be 
decreased because of the difficulty in con- 
trolling the machine. For short thread 
lengths, speeds for tapping a coarse thread 
should be about one-half the speeds given in 
Table 22. For long threads of the same 
pitch, the speed can be faster than for short 
threads because of the longer time between 
starting and stopping. The use of lead con- 
trol devices permits higher tapping speeds 
than when no control is used. For example, 
a speed of 35 m/min (115 sfm) was used to 
tap 10-24 UNC threads in 2024-T4. The 
holes were blind and approximately 13 mm 
(% in.) deep. However, leadscrew control 
was used. Under the same conditions but 
without leadscrew control, speed would 
have been 18 m/min (60 sfm) maximum. 
Table 23 is a more detailed listing of tapping 
speeds and tooling used. 

Cutting Fluid. Lard oil diluted with ker- 
osene or other low-viscosity mineral oil is 
usually preferred for tapping aluminum. 
Low-viscosity commercial cutting oils are 
also used successfully. Soluble-oil emul- 
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Table 26 Nominal speeds and feeds for the face milling of aluminum alloys with high-speed tool steel and 
carbide tools 



































r — Carbide tool, unconted — — — — | 
Г High-speed steel tool if Speed 1 
Hardness, ‘speed, Feed, Toot material Валей, Indexable, Feed, Tool material 
нв Depth of cot(a), mimin  mm/tooh grade, ISO m/min mímim  mmiooh grade, ISO 
Material (500 kx) Condition mm бл.) (sm) бале) (AISI) (sfm) (sfm) in.Jtooth) € 
Wrought 
EC 3005 6066 30-80 Cold drawn 1 365 025 S4. 52 610 Max 0.25 K10, M20 
1060 4032 6070 (0.040) (200 — (0010 (М2, M7) QUO) (Мах) (0.010) (C2) 
1100 5005 6101 4 245 — 040 54, 52 550 Max 0.50 K10, M20 
1145 5050 6151 (0.150) (800) 0.015) (М2. M7) (1800) (Мах) (0.020) (C-2) 
1175 5052 6253 8 200 54. S2 365 Max 0.65 K20, M30 
1235 5056 6262 (0.300) (650) (M2, M7) (200 — (Max) (0.025) (C2) 
2011 5083 6463 75-150 ^ Solution treated 1 365 : 54. 52 610 Мах 025 K10, M20 
2014 5086 6951 and aged (0.040) (200 (0.010) (М2, M7) (2000) (Мах) (0.010) (C2) 
2017 5154 701 4 245 040 S4, 52 550 Мах 0.50 K10, M20 
2018 5252 7004 (0.150) (800 (0019 (М2, M7) (1800) (Max) (0.020) (C2) 
2021 5254 7005 8 200 050 54. 52 365 Мах 0.65 M30 
204 5454 7039 10.300) (650) (0.000 (М2, M7) (1200) (Мах) (0.025) (C-2) 
2025 5456 7049 
2117 5457 7050 
218 5652 7075 
2219 5657 7079 
2618 6053 7175 
3003 6061 7178 
3004 6063 
Cast 
Sand and permanent mold 
A140 F332.0 40-100 As-cast 1 365 0.20 610 760 0.25 K10, M20 
200.0 — 33.0 0.040) (1200) — (0.008) (2000) — (2500 (0.010) (2) 
2080 3540 4 245 — 030 550 610 0.40 K20, M30 
213.0 0 (0.150) (800) (0.012) (1800) — (2000) (0.015) (C2) 
2220 C355.0 8 20 040 365 460 0.50 30, M40 
2240 3560 (0.300) (650) (0016) (200 — (1500) 40.020) (C2) 
2420 A356.0 713.0 70-125 Solution treated 1 305 0.20 550 760 0.25 K10, M20 
2950 3570 7710 and aged (0.040) (1000) — (0.008) (800) — (2500) (0.010) (C2) 
B295.0 3590 8500 4 215 030 425 550 0.40 K20, M30 
3080 B443,0 А8500 (0.150) Q0) 00.012) (1400) (1800) (0.015) ) 
3190 — 540 B8500 8 170 040 305 395 0.50 K30. M40 
3280 А5140 (0.300) бу (0.016) (1000) — (1300) (0.020) (2 
A330 — B514.0 
Hiduminium RR-350 
Die castings. 
3600 A3800 40-100 — As-cast 1 365 0.20 54, 52 425 550 0.13 K10, M20 
А3600 — Cá43.0 (0.040) (200 (0.008) (М2, M7) (1400) (1800) (0.005) (2) 
380.0 518.0 4 245 9.30 54, S2 350 460 0.25 кто, M20 
(0.150) (800 (001) (М2, М?) aiso — (500 (0.010) (C2) 
70-125 Solution treated 1 35 020 54, 52 380 490 0.13 K10, M20 
and aged (0.040) (1000 — (0008) (М2, MD) (1250) (1600) (0.005) (C2 
4 215 030 54, S2 305 395 0.25 K10. M20 
(0.150) сю (0001) (М2, M7) пою) — (1300) (0.010) (C2) 
383.0 40-100 — As-cast 1 35 — 020 S4. 52 350 460 0.13 K10, M20 
A384.0 (0.040) (000) (0.0088 (М2, M7) aiso — (500 (0.005) (C2) 
413.0 4 215 0.30 54, 52 290 365 025 каю, M20 
A430 (0.150) ош) бо? (50) — (1200 (0.010) (2) 
70-125 Solution treated 1 215 0415 350 425 0.13 K10, M20 
and aged (0.040) (000 (0009 (М2, M7) aiso) — (1400; (0.005) (2) 
4 185 — 025 S4, S2 275 335 0.25 K10, M20 
(0.150) (600) (001) (М2, M7) (900 — (1100 (9.010) (C2) 
390.0 40-100 As-cast 1 50 0.15 54, 52 130 150 0.13 K10, M20 
3920 (0.040) (165) (00) — (M2, M7) (425) (500) (0.005) (C2) 
4 43 023 S4. 52 115 135 0.25 K10, M20 
(0.150) (40 (0.009) (M2, М7) am (450) (0.010) (C2) 
70-125 Solution treated 1 4) 015 S4, S2 ns 145 0.13 кї, M20 
and aged (0.040) пз (000 (М2. M7) (375) (475) (0.005) (C2) 
4 ю 02 S4, S2 105 130 0.25 K10, M20 
(0.150) a30 0.009) (M2, M7) (350) (425) (0.010) (C2) 


(a) Depth of cut is measured parallel to axis of cutter. Source: Ref 5 























Table 27 Nominal speeds and feeds for the face mi 
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g of aluminum alloys with diamond tools 





























Hardness, — — Depth of cutia) Speed — q — Рей 
Material HB (500 kg) T im wo Tuan sim rmmitcoth алоо 
Wrought 
EC 2218 5252 6253 30150 АП 0.25-0.75 0.010-0.030 610 2000 0.13 0.005 
1060 2219 5254 6262 0.030-0.050 425 1400 025 0.010 
1100 2618 5454 6463 0.050-0.100 305 1000 0.40 0.015 
1145 3003 5456 6951 
1175 3004 5457 7001 
1235 3005 5652 7004 
2011 4032 5657 7005 
2014 5005 6053 7039 
2017 5050 6061 7049 
2018 5052 6063 7050 
2021 5056 6066 7075 
2024 5083 6070 7079 
2025 5086 6101 7175 
27 5154 6151 7178 
Cast 
Sand and permanent mold 
A140 — 3190 — 35720 АТОО 40-10 Ascast 0.25-0.75 0.010-0.030 1005 3300 0.13 0.005 
20.0 — 3280 3590 0712.0 0.75-1.25 0.030-0.050 840 2750 0.25 0.010 
2080 AM20 B4430 — 7130 1.25-2.50 0.050-0.100 550 1800 0.40 0.015 
230 — 3320 540 710 70-125 Solution treated and aged 0.25-0.75 0.010-0.030 915 3000 0.13 0.005 
2220 3380 л5140 500 0.75-1.25 0.030-0.050 760 2500 025 0,010 
240 3540 В5140 А8500 1.25-2.50 0.050-0.100 550 1800 0.40 0.015 
2420 3580 500  B850.0 
2950 С3550 $35.0 
В2950 3560 7050 
3080 A360 707.0 
Hiduminium RR-350 
Die castings 
3600 A380.0 40-100 — Asccast 0.25-0.75 0.010-0.030 1100 3600 0.13 0.005 
A360.0 Сз 0.75-1.25 0.030-0.050 975 3200 025 0.010 
380.0 5184 1.25-2.50 0.050-0. 100 840 2750 0.40 0.015 
383.0 40-100 As-cast 0.25-0.75 0.010-0.030 1005 3300 0.13 0.005 
A384.0 0.75-1.25 0.030-0.050 840 2750 0.25 0.010 
413.0 1.25-2.50 0.050-0.100 550 1800 0.40 0.015 
КП 
390.0 40-100 — Asccast 0.25-0.75 0.010-0.030 855 2800 0.005 
392.0 0.75-1.25 0.030-0.050 670 2200 0.010 
1.25-2.50 0.050-0.100 470 1550 0.015 
(à) Depth of cut is measured perpendicular to the axis of the cutter. Source: Ref $ 





sions are sometimes used, but they will not 
provide as good a finish as the other cutting 
fluids mentioned. However, the following 
example describes an application in which a 
soluble oil was more effective than a miner- 
al oil, probably because of the lower viscos- 
ity of the soluble-oil emulsion, which al- 
lowed it to penetrate more readily to the 
cutting edges of the tap and also allowed it 
to flow in greater volume for flushing away 
chips. 

Example 5: Mineral Oil Versus Soluble 
Oil for Tapping. An automatic tapping 
machine was used for cutting 6-32 UNC-2B 
threads in through holes (6.4 mm, or % in., 
deep) in alloy 2024-T4. Taps were straight- 
flute, spiral-point, with 15° chamfer angle 
and 18° hook, and they were operated at 
4150 rev/min (37 m/min, or 122 sfm). Cut- 
ting fluid was mineral oil. 

Chip congestion, together with buildup of 
work metal on the cutting edges of the tap, 
resulted in rough threads and tap breakage. 
Variations in tapping speed were tried but 
did not alleviate these problems. However, 


by substituting soluble oil (in a 1:20 mixture 
with water) for mineral oil as the cutting 
fluid, thread finish became acceptable, and 
productivity and tap life were increased: 











Mineral oil ‘Soluble oil 
Holes tapped/h... 2.1480 1520 
Total tap life, holes .......... 6250 8900 





Optimum results are obtained when thc 
cutting fluid is applied with pressure, espe- 
cially when tapping blind holes. 

Form Tapping. If chips are a serious 
problem and if the hole wall is thick enough 
to support the pressure of the tool, a form 
(chipless) tap can be used (see the article 
"Tapping" in this Volume). Although a 
7596 thread is generally recommended for 
cut threads, tap drilling for 55 to 65% thread 
is practical for threads produced with a 
form tap. All aluminum alloys except the 
high-silicon (12%) die casting alloys can be 
tapped with form taps. 

In some applications, form taps have 
been successfully operated at speeds twice 








as fast as those used for their cutter-type 
counterparts. Limitations are the same for 
form tapping as for cutting tapping, and the 
same cutting fluids are used. The following 
example compares performance of cutting 
taps and form taps. 

Example 6: Tapping: Cutting Versus 
Forming. The performance of No. 4-40 
cutting taps was compared with that of form 
(chipless) taps in tapping a through hole in 
a 6.4 mm (% in.) section of alloy 380 
die castings. Both taps were used in a 
leadscrew machine at 3000 rev/min, The 
cutting fluid was a high-grade cutting oil 
with low sulfur content. Although the pro- 
duction rate for both taps was 400 pieces 
per hour, the production rate per setup with 
the form tap (1200 pieces) was double the 
rate obtained when the cutting tap was 
used. 

In tapping these die castings, a form tap 
was superior to a cutting tap in all sizes 
from No. 2 through No. 8, provided the hole 
wall was thick enough to support the pres- 
sure of the form tap. 
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Table 28 Nominal speeds and feeds for the end mi 





ng and slotting of aluminum alloys with high-speed tool 












































steel tools 
specs, Ferd, mmtonth in oti), at a with of slot of: Siper 
Hardness, Axial depth of — mmin — Mmm — 12mm — 8mm  25-50mm grade, ISO 
Material нв (500 ke) Condition. cut, mm. fm ^ Chim) (тю) Gin) 0-28) КЕП 
Wrought 
EC 38 — 954 өз 30-80 Cold drawn 0.75 10 0075 013 0415 0.25 54. S5, 52 
1060 — 22019 544 бө (0.030) (S00) — (0.005) (0.005) (0.006) — (0.010 (М2, M3, MD) 
1100 — 2618 — 5456 7001 3 DS — 0102 015 0.20 0.30 
1145 — 39 5457 7004 0.125) 4450) (0.004) (0.006) (0.00 — (0.012) 
з 394 — 56522 705 diam/2 120 0.075 013 015 0.20 
1235 — 3005 5657 7039 (дат? (400) — (0.002) (0.005) (0.006) бо; 
2011 4032 6055 7049 diam! 10S 000 0075 0.13 0.15 
2014 5005 — 6061 7050 (diam/1) (380) — (0.000) (0.003) (0.005) — (0.006) 
2014 — 5050 606) 7075 75-150 Solution treated and aged 0.75 MS 0.075 — 013 0.15 025 5 
2017 5009 6066 7079 (0.030) 4475) — 40.000) (0.005) (0.006) — (0.010) — (M2. M3, M7) 
юв 5056 6070 7175 3 10 0102 015 020 0.30 
201 з ө! 7178 (0.125) (425) — (0.004) (0.006) (0.008) (0.012) 
2004 5086 6151 diam/ ns o US 0413 0.15 0.20 
2005 5154 6053 (дал?) (375) — 40.000 — (0.005) (0.006) — (0.008) 
2 992 6062 апу 100 0050 0.075 013 0.15 
(diam/1) (325) (0.002) (0.003) 40.005) — (0.006) 
Cast 
Sand and permanent mold 
AMO 390 3570 — ATI20 — 40-100 — Аксам 0.75 120 9075 013 0415 025 
200 328.0 — 35990 — D7I20 (0.030) (400) — (0.000 (0.005) (0.006) — (0.010) 
208.0 о B430 713.0 3 105 — 010 0.15 0.20 0.30 
210 — F332,0 5140 7710 (0.125) (380) — (0.004) (0.0060) (0.008) — (0.012) 
222.0 ASI4.0 8500 Чал? 90 0.075 01i 0.15 0.20 
224.0 B5140  A850.0 (diam) (300) (0.003) (0.005) (0.006) (0.008) 
242.0 j 520.0  B850.0 diam/l 76 0080 0075 013 0.15 
2950 C385.0 5350 (diam/l) (250) — 10.002) (0.003) (0.005) — (0.006) 
B295.0 3560 7050 70-125 —— Solution treated and aged 0.75 ns 0.075 — 013 0.15 0.25 
3980 А3560 7070 (375) (0.003) (0.005) (0.006) — (0.010) 
Hiduminium RR-3 10 0102 0.15 0.20 0.30 
(325 (0.004) (0.006) (0.008) — (0.012) 
м 0.075 0.13 0.15 0.20 
(275) (0.003) 40.005) (0,006) (0.008) 
diam’ 69 0.050 0075 0.13 0.15 
(diam/1) (225) (0.002) (0.000) (0.008) — (0,006) 
Die castings 
360.0 40-100 — As-cast 0.75 150 0.0758 0,13 0.15 S4, 55, 82 
A360.0 40.030) ($00) — 0.001) (0.005) 00.006) (M2, M3, M7) 
380.0 3 135 — 010 0415 0.20 
A380.0 (0.125) (450) — 40.004) (0.006) 00.008) (0.012) 
C443.0 70-125 Solution treated and aged 0. 145 005 0413 0.15 0.25 $4, 55, 52 
518.0 10.030) (475) (0.003) (0.005) 40.006) (бою) — (M2, M3, M7) 
3 10 — 010 — 015 0.20 0.30. 
0.125) (425) (0.004) (0.006) (0.008) — (0.012) 
383.0 40-100 — As-cast 0.75 135 0.075 013 015 0.25 54, 55, S2 
AMAQ (0.030) (450) (0.003) (0.005) (0.006) — (0.000) — (M2, M3. M7) 
413.0 3 10 — 010 015 020 0.30 
A130 (0.125) 425) (0.004) (0.006) (0.008) 10.012) 
70-125 Solution treated and aged 9.75 B0 — 0095 013 015 025 54, 85, 82 
(0.030) (425) (0.003) (0.005) (0.000 — (0.010 — (M2, M3, M7) 
3 100 010 015 0.20 0.30 
(0.125) (400) 40.004) (0.0000 (0,008) (0.012) 
390.0 40-0 — Asccast 0.75 55, 0075 013 0415 025 54. 55, 82 
392.0 (0.030) (175) (0003) (0.005) 40.006) (0.010) — (M2, M3, M7) 
3 46 — 010 0.15 20 0.30 
(0.125) (150) (0.004) (0.000) (0.008) (0012) 
70-125 Solution treated and aged 0.75 4% 0.075 0.13 0.15 025 S4, 55, 82 
(0.030) (150) — 40.003) (0005) 40.006) (0.010) — (M2, M3, M7) 
3 зв — 0102 015 0.20 0.30 
(0.125) (р) 40.004) (0.006) (0.008) (0.012) 
Source: Ref 5 





Drilling and tapping of high-silicon 
alloy 390 (Ref 2) can be successfully ac- 
complished with the same tool materials 
and geometries used for other aluminum 
casting alloys; however, cutting must be 
performed at lower speeds. Selection of the 





best tool material and geometry becomes 
more significant as the hole-depth-to-diam- 
eter ratio increases. 

The use of natural or synthetic soluble-oil 
cutting fluids is strongly recommended. 
Coolant should be directed into the hole 


with a volume and pressure sufficient to 
reach the cutting lips of the tool and to flush 
the chips out of the hole. Inadequate cool- 
ant can result in chips packing in the flutes 
of a drill or the teeth of a tap, a condition 
that can cause rapid wear, poor hole finish, 

















AI-7% Mg 
casting 








Cutter details. 


















Type. sse Face mill, inserted blade 
Size, mm (in.) ........ 152 (6) diameter 
Number of teeth 2 
Маегпа................ ‚ Carbide-tip blades 
Operating conditions 
Speed, at 2345 rev/min, 

m/min (sfm) ,.... А 1120 (3680) 
Feed, mm/tooth (in./tooth) . . 0.14 (0.0055) 
Depth of cut, mm (in.) 3.2 (4) max 
Cutting fluid , м None 
Sctup time. 1.5 





Downtime for 
tools, min . 
Production rate, piece 
Cutter life, pieces/grind . 
Tolerances, mm (in.) 
Flatness. .... 
Width. ..... 
Parallelism error 
Finish, um (pin). . 


15 
31 








100 


«. Within 0.025 (0.001) 
0,08 (20.003) 
0.13 (0.005) max 

- 1.60 (63) 














i Simultaneous face milling of parallel sur- 
Fig. 26 (arcs on opposite 
Dimensions in figure given in inches 





and blowout fracturing of the exit surface 
upon emergence of a through hole drill. 
Even more important with respect to alloy 
390 is that the chips are exceptionally abra- 
sive and can wear on the lip and margin of a 
drill if not quickly flushed from the hole. 

In a recent study, several drill and tap 
materials and geometries were evaluated, 
and cutting conditions were optimized for 
the most promising combinations. Chip 
packing became a problem at a depth of 
approximately three diameters (13 mm, or 
V in., holes), with slow and regular helix 
drills (24 to 33°) causing breakthrough blow- 
outs and rapid drill wear. Solid high-speed 
tool steel drills with a high helix angle (38°) 
and a parabolic flute shape showed less 
wear under all cutting conditions than high- 
helix (40°) drills that had a standard flute 
design. 

A speed of 20 m/min (70 sfm) and a feed 
rate of 381 mm/min (15 in./min) worked well 
with a high-helix, parabolic flute shaped 
drill (Fig. 21). A tool life of over 1000 holes 
was achieved when drilling 13 mm (‘4 in.) 
holes to a depth of five to six diameters. 
Heavy feed rate (in terms of inches per 
revolution) produced a better tool life than 
light feed rate. 

The best method of drilling alloy 390 is to 
move the chips quickly by flushing with 
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coolant and by moving the tool through the 
work in as few revolutions as possible. This 
creates an easier-to-remove, substantial 
chip. 

Coolant-fed drills were also evaluated, 
but with mixed results. Carbide-tip, cool- 
ant-fed drills produced 1000 holes at a speed 
of 90 m/min (300 sím) and a feed rate of 508 
mm/min (20 in./min) (Fig. 21). Not only did 
this accomplish a much higher production 
rate, but hole size control, roundness, 
straightness, and finish were much im- 
proved over noncoolant-fed drills. Drilling 
with coolant-fed, high-speed tool steel, on 
the other hand, resulted in no productivity 
or hole quality improvement over the best 
solid drills. 

Far better tool life results have been 
reported using diamond-tip gun drills in 
similar-size holes (10.79 mm, or 0.425 in.) at 
à hole depth of eight diameters when boring 
through solid material. When used in the 
mass production of automobile engine cyl- 
inders, these diamond-tip gun drills give a 
service life 60 times that of customary twist 
drill 
Tapping tests were conducted with vari- 
ous types of thread cutting and thread form- 
ing tools. No thread cutting taps threaded 
more than 360 holes before they would no 
longer gage to size. The best performance, 
more than 1000 holes, was achieved with a 
standard form tap having four lobes. It has 
also been shown that form taps produce the 
strongest threads. The conditions that were 
most successful for both the drilling and 
tapping experiments are given in Table 24. 


Single-Point Threading 


Single-point threading tools of conven- 
tional design are used to cut both internal 
and external threads on aluminum alloys. 
Speeds of 150 m/min (500 sfm) are common, 
although higher speeds have been used. 
Typical practice is represented by the fol- 
lowing example. 

Example 7: Single-Point Threading of 
Die Castings. A fine-pitch thread (pitch 
diameter: 42.113/41.946 mm, or 1.6580/ 
1.6514 in.) was machined in an alloy 380 die 
casting (Fig. 22) with a single-point carbide 
tool. This alloy was susceptible to chipping 
and tearing if high cutting pressure was 
applied, particularly if the casting was 
porous in the area being threaded. 











Die Threading 


Circular chasers for die threading alumi- 
num alloys should have a hook angle of 20° 
and a face angle of 2°. When threading with 
tangential chasers, a combination of nomi- 
nal back rake angle of 20° and side rake 
angle of 0° is generally best. 

To avoid damage to the first few threads, 
chasers should have a lead chamfer of 25 to 





2024-T4 








Operating conditions(a) 


Form milling (one pass). mm/min (in./min) 70 
Standard milling (five passes), mm/min (in /min) 


1 Side mill slot . . 203%) 
2 Side mill center slot. 203 (8) 
3 Straddle mill reliefs ..................... 2708) 
4 Straddle mill two 6.4 mm (% in.) х 45° 
chamfers |. sees 203 (8) 
5 Straddle mill two 3.2 mm (%4 in.) radii. . 203 (8) 
Time analysis 
Time/piece, min 
Form milling. 2.54 





779 
525 


Standard milling. > 
Time saved by using form 





m. 


(а) For all operations, cutter speed was 23 mimin (75 sfm), and 
sulfurized oil was used as the cutting fuid. 








Fig. 27 Contour that could be milled in a single 
М pass using о form cutter ог in five opera- 
tions using standard milling cutters. Dimensions in figure 
given in inches 


35° for 12 threads. This chamfer will ensure 
a smooth, even start. 

Speeds up to 40 m/min (130 sfm) for the 
nonheat-treated cast alloys and about 30 m/ 
min (100 sfm) for the other alloys can be 
used, if the length and pitch of the thread 
and the equipment used permit control at 
these speeds. Speeds no more than half of 
the above are more often used because at 
the higher speeds control is more difficult, 
especially when threading short lengths or 
close to a shoulder. 


The characteristics of chip formation 
sometimes cause difficulty in the milling of 
aluminum alloys. In some applications, chip 
ejection in the milling of deep slots or heavy 
cuts can be improved by changing from an 
alloy in the O or F temper to one in the T4 
or T6 temper. In the T tempers, the chip is 
much less likely to clog the cutter. Howev- 
er, when aluminum is milled in the heat- 
treated condition, the production rate may 
be lower because a lighter feed rate may be 
necessary. 

Power Requirements. Metal removal 
rates greater than 2600 mm?/min/kW (3.0 
in.*/min/hp) can be readily attained in the 
production milling of aluminum alloys. 
Some rules applicable to milling aluminum 
are: 


* If feed per tooth is doubled, the horse- 
power at the cutter must be increased in 
the ratio of 3:2, or 50% 

* If the width of cut is doubled, the horse- 
power at the cutter must be doubled 
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Machine, . ~ ©. Three-axis profile 
milling machine, 
numerically 
controlled, 4370 х 
1320 x 457 mm (172 
X 52 х 18 in.) 

Cutter 

Material........ ‚ Modified M2 
high-speed tool steel 

sns 7. 

19.1 (0.75) diameter x 


Number of cutters... 
Size of cutters, mm (in.) . .. 





95 (3a) long to 76.2 
(3.00) diameter х 203 
(8) long 
Rake angles ............. WP radial, 30* axial 
Operating conditions 


60-135 (200-450) 
0.15-0.33 (0.006-0.013) 


Speed, m/min (sfm). 
Feed, mm/tooth (in./tooth) - 
Depth of cut, axial 
dimension, mm (in) . 
Width of cut, radial 
dimension, mm (їп.)..... 





3.0-178 (0.12-7.00) 


‚ 9.40 (0.37) to cutter 
diameter. 
9а) 
‚ Soluble oil: water (1:25) 


Machining time, each part, h . 
Cutting fluid. 
Tolerance o 

dimensions, mm (in. 
Surface finish, um (nin, 











£0.05 (50.002) 
« 1.50-3.05 (60-120) 





(а) Roughing, 29 h: finishing, 62 h 





1 Part that was machined from а large 
Fig. 28 шске forging by NC profile milling. 
Dimensions in figure given in inches 


* If the depth of cut is doubled, the horse- 
power at the cutter must be increased in 
the ratio of 1.9:1, or 90% 

© [f the depth of cut is halved and horse- 
power at the cutter remains the same, the 
feed may be increased by a factor of 2.5 

* If the speed of the cutter is doubled and 
the feed per tooth is halved, the horse- 
power at the cutter must be increased by 
about 30% 


Cutter Design. For efficiency in milling 
aluminum, the cutter should have a radial 
rake angle of 10 to 20°, an axial rake angle of 
15 to 45°, and end or peripheral clearance of 
10 to 12°. Form-relieved cutters should have 
a relief of 10° on the profile. 


Best results can be obtained with a cutter 
that has fewer teeth and larger positive-rake 
angles than cutters for milling steel. Fewer 
teeth permit more chip space, which is 
especially important in milling aluminum 
because speeds are usually much greater 
than those used in milling steel. To prevent 
chatter, however, the cutter should have 
enough teeth so that at least two teeth are 
engaged at all times. 

Because of the high speeds used in milling 
aluminum, careful consideration must be 
given to the effect of centrifugal force on the 
cutter. This is more important with cutters 
of large diameter. Cutter bodies in which 
teeth are wedge locked and from which 
some of the teeth have been removed to 
provide greater chip space should not be 
operated igh speed. All cutters for high- 
speed milling that have inserted teeth 
(brazed or mechanically secured) should be 
dynamically balanced. Careful attention 
should be given to cutter adapters, cutter 
holders, arbors, spacers, and other compo- 
nents that rotate with the cutter. 

End mills for aluminum should have 
sharp rake angles with sufficient clearance 
to prevent heeling. Neither rake nor clear- 
ance angles should be excessive, or digging- 
in will result. The cutter should contact the 
workpiece in such a manner that any tor- 
sional, or lateral, deflection will decrease 
the depth of cut. 

Flute form and surface finish in the flute 
are important. Consequently, many of these 
cutters are made by grinding from the solid 
after heat treatment. The lips of an end mill 
(of either the plain two-flute or ball-nose 
type) that is to be used for making plunge 
cuts directly into solid aluminum should 
have slightly greater clearances than is nor- 
mal for these cutters in order to prevent 
heeling. Preferably, the faces of the cutting 
edges should have a surface finish of 0.038 
ит (1.5 pin.) and should never be rougher 
than 0.088 p.m (3.5 pin.). 

In making plunge cuts directly into alumi- 
num, the problem of chip ejection becomes 
acute. For this reason, best to feed the 
cutter into the material in such a way that, 
for each axial advance of the cutter (equal 
to about half the cutter diameter), the cutter 
is fed laterally about one diameter in an 
oscillating pattern until the desired depth of 
cut is reached, rather than making a purely 
axial cut. 

For milling slots, or pockets, where the 
end of the cutter is in contact with the 
workpiece, it is usually best to have the 
same direction for the cut and the helix. 
However, when profiling with the periphery 
of the cutter, where the end of the cutter is 
not in contact with the workpiece, a combi- 
nation of right-hand cut, left-hand helix 
gives the best results. 

Router bits are a special type of end mill 
that is modified to ensure chip ejection at 
the speeds normally used for these cutters. 
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0.30 mm/rev (0.012 in./rev), A, carbide, 150 m/min 
(492 stm); B, diamond, 1500 m/min (4920 sfm); C, 
diamond, 150 m/min (492 sfm). Source: Ref 2 


Some cutters for general routing purposes 
may have two flutes with a helix angle of 
25°. The best overall performance in routing 
accurate slots or grooves is with a two-flute 
cutter having a 45° helix angle, with the 
direction of helix and of cut the same. 

Cutters for routing stacked sheet stock 
should be designed with a single flute and a 
helix angle of 25 to 45°. An integral pilot 
running in an outboard bearing is used on 
some of these cutters to help control deflec- 
tion. 

All cutters should have a 15° hook angle 
on the cutting lip. The flute should be of 2.3 
mm (0.09 in.) uniform depth, with a smooth 
gullet extending 3.2 mm (8 in.) inward from 
the lip. The lips should be radially relieved 
on the periphery to 0.08 to 0.18 mm (0,003 
to 0.007 in.) per 1.6 mm (йв in.) width of 
land behind the cutting edge. 

Special-Geometry End Mills for Alumi- 
num (Ref 1, 4). An interesting example of 
fluted cutters designed specifically for ma- 
chining aluminum is provided by the end 
mills shown in Fig. 23. The first departure 
from standard end-mill design is an increase 
to 45? in the helix angle from the standard 
30^—the equivalent of high, positive side 
rake. The second departure is in the form of 
the tooth, the face of which provides a 
curved, positive-rake, polished primary sur- 
face followed by a secondary undercut that 
blends into the web (Fig. 23). The polished 
primary face surface and the discontinuity 
provide smooth chip flow and minimize the 
adherence of chips that invariably leads to 
clogging. 

Two versions of these aluminum cutting 
end mills are available—one for heavy met- 
al removal applications (such as pocketing 
and rough profiling) and one for finishing 
operations in which the radial depth of cut 
approximates 596 of tool diameter. The lat- 
ter type incorporates an unrelieved circular 
land of 0.08 to 0.13 mm (0.003 to 0.005 in.) 
width on the periphery to minimize any 
tendency toward chatter, vibration, or 
squealing. 

Somewhat similar to this concept is the 
use of a molded chip-breaker style of car- 
bide insert. This type of insert increases the 
positive rake (nominally 5? rake, with 5° 
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(dry). Source: Ref 2 


clearance in the matching toolholder) while 
maintaining stronger edge geometry. 
Although the most common geometry for 
positive-rake inserts provides a relief of 10 
to 11°, which is decreased by the top rake 
angle at which it is held, it is also possible to 
specify carbide inserts with higher relief 
angles. One supplier of these inserts recom- 
mends a 20° relief insert for turning applica- 
tions and 26° for milling—and without any 
chip control groove, especially for the gum- 
mier alloys. This allows the top surface of 
the insert to be lapped or polished to the 
high finish desirable for improved chip flow. 
Special end mills and face mills designed 
with two carbide inserts for high milling 
speeds can be used to reduce milling time. 
Cutters for operations at high speeds should 
be statically and dynamically balanced. 
The carbide inserts in the cutter shown in 
Fig. 24 can be adjusted for the depth of cut 
and the most effective rake angle. The radi- 
al and axial rake angles of the end milling 
cutter shown in Fig. 25 result from the 
position of the insert in the body of the 
cutter. This cutter removed a large amount 
of aluminum and incorporates adequate 
chip space. 
The number of teeth in a cutter is largely 
determined by its diameter, the depth of the 
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cut, and the type of cut (rough or finishing 
cut). Various formulas have been developed 
by cutter manufacturers to determine the 
optimum number of teeth for all types and 
sizes of milling cutters for milling alumi- 
num. For good cutter performance, as a 
general rule, not more than two of the teeth 
should engage the cut at the same time. The 
teeth should have a strong cross section but 
ample chip space. 

Speed. Nominal speeds for peripheral, 
face (high-speed, carbide, and diamond), 
and end milling are given in Tables 25 to 28. 
Factors affecting speed are the alloy being 
milled, tool material, and depth of cut 
(roughing or finishing). A major variable 
that is not reflected in Tables 25 to 28 is chip 
disposal. If the chips can be adequately 
ejected from the cutting zone, speeds for 
carbide cutters are limited mainly by the 
capabilities of the machine. However, when 
the speed is too high for a particular setup, 
the cutter teeth may not have sufficient time 
to remove stock at the proper rate because 
of erratic feeding; the cutter teeth may dig 
and ride, or cut and skip. Optimum speed 
depends on the machine, work metal, depth 
of cut, and power. 

Under certain conditions, milling speeds 
as high as 4600 m/min (15 000 sfm) have 
been used. However, speeds this high are 
rarely feasible. Speeds of 600 to 1200 m/min 
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Schematic of a combination boring-milling cutter with diamond-tip cutters machining a 380 aluminum 
alloy transmission extension housing at 3840 m/min (12 600 sfm) 


(2000 to 4000 sfm) are frequently used, as 
illustrated in the following example. 

Example 8: Face Milling Parallel Sides 
Simultaneously in a Duplex Machine. 
Face milling two opposite sides was the first 
machining operation performed on the cast- 
ing shown in Fig. 26. Maintaining required 
dimensions in subsequent operations de- 
pended greatly on the accuracy obtained in 
milling the sides. Parallelism was easily 
maintained by milling the two sides simul- 
taneously because the workpiece did not 
have to be moved and reclamped. 

А 7.5 kW (10 hp) duplex machine was 
used for this operation. This type of ma- 
chine afforded two advantages in addition 
to good dimensional control. First, after the 
initial cut, the spindles were advanced 
slightly to take a skim (finish) cut as the 
table returned to the start position. Second, 
milling both sides at one time increased 
productivity, compared to milling each side 
separately. Details of the milling cutters and 
operation are tabulated below Fig. 26. 

Feed. Nominal feeds for peripheral, face, 
and end milling are given in Tables 25 to 28. 
For wheel-type cutters (peripheral and 
face), the alloy being milled has little effect 
on feed. Depth of cut has some effect, 
although usually this is not large. Some 
reduction in feed is usually made when 
high-speed tool steel cutters are replaced by 
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Table 29 Nominal speeds and feeds for circular sawing of aluminum alloys with high-speed tool steel blades 


























Solid stock High-speed tool 
Hardness, HB diameter ог Piich.mmviooth Cutting speed, Feed, mum/tooth steel material 
Material (500 kg) Condition. thickness, mm tin.) Aooth) mimin (sfm) (in./tooth) grade, ISO (AIS) 
Wrought 
EC 2218 59 6253 30-80 Cold drawn 6-80 5-30 305 0.25 54. 52 
1060 2219 6262 003) 40.20-1.10) (1000) 00.010) (M2. М7) 
1100 2618 6463 80-160 18-40 245 025 
1145 3003 6951 G4) (0.70-1.50) (800) (0.010) 
175 — 304 7001 160-250 25-45 185 0.30 
1235 3005 7004 6-9) (1.00-1.80) (600) (0.012) 
20 4032 7005 250-400 30-60 150 0.30 
2014 5005 7039 09-15) (1.20-2.40) (500) (0.012) 
2007 5050 бы 7049 75-150 Solution treated and aged 6-80 5-30 305 0.25 82 
2018 — 5052 — 6063 7050 Q3) (0.20-1.10) (1000) (0.010) (M2, M7) 
2021 5% — 6066 7075 30-160 18-40 245 0.25 
2004 5% 6070 7079 (3-6) (0.70-1.50) (800) (0.010) 
2025 — 5086 601 7175 160-250 25-45 185 0.30 
207 5154 6151 7178 (6-9) (1.00-1.80) (600) (0.012) 
250-400 30-60 150 0.30 
(9-15) (1.20-2.40) (500) (0.012) 
Cast 
Sand and permanent mold 
AIO — 39.0 — 3520 — А7120 40-000 Ascast 6-80 5-30 380 0.25 S4. S2 
201.0 3590 07120 04-3) (0.20-1.10) (1250) (0.010) (М2. M7) 
208.0 B443.0 7130 30-160 18-40 305 0.25 
213.0 5140 7710 (3-6) (0.70-1.50) (1000) (0.010) 
222.0 ASI4.0 850.0 160-250 25-45 230 0.30 
2240 В5140 А8500 (6-9) (1.00-1.80) (750) (0.012) 
520.0 — B850.0 250-400 30-60 185 0.30 
5350 (9-15) (1.20-2.40) (600) (0.012) 
0 3 7050 70-125 Solution treated and aged 6-80 5-30 305 0.25 54, $2 
3080 А3560 7070 (3) 46.20-1.10) (1000) (0.010) (M2, M7) 
Hiduminium RR-350 80-160 18-40 245 0.25 
(3-6) (0.70-1.50) (800) (0.010) 
160-250 25-45 185 0.30 
(6-9) (1.00-1.80) (600) (0.012) 
250-400 30-60 150 0.30 
(9-15) (1.20-2.40) (500) (0.012) 
Die castings 
360.0 — A380.0 40-100 — As-cast 6-80 5-30 380 025 54, S2 
А3600 C430 (3) (0,20-1.10) (1280) (0.010) (M2. М7) 
380.0 — 518.0 70-125 Solution treated and aged 6-80 5-30 305 0.25 S4, S2 
(e3) (0.20-1.10) (1000) (0.010) (M2, M7) 
383.0 40-00 — As-cast 6-80 5-30 380 0.25 54, 52 
ARA (0—3) 10.20-1.10) (0250) (0.010) (М2, M7) 
413.0 70-125 Solution treated and aged 6-80 5-30 305 025 S4, 82 
AM 03) (0.20-1.10) (1000) (0.010) (M2, M7) 
390.0 40-100 — As«cast 6-80 5-30 150 0.25 S4. 82 
3920 00-3) (0.20-1.10) (500) (0.010) (M2, M7) 
70-25 Solution treated and aged 6-80 150 0.25 S4, 52 
0-3) (0.20-1.10) (500) (0.010) (M2, M7) 
Source: Ref $ 





Table 30 Nominal speeds and feeds for the circular sawing of aluminum alloys with carbide-! 


Quantity of available dato was limited. Performance data are presented instead of the general recommendations given in other machining operations in this Volume. 





p tools 

















Hardness, Solid stock diameter or Curhide tool 
HB thickness n — Pitch 1 Cutting speed. — material grade 
(500 kg) Condition mm in. in.itooth ‘mimin ЕЯ Iso с 
X60 ............ Cold drawn 0.010 4815 15 000 K30 C2 
0.010 4575 15 000 
0.005 3650 12 000 
0.005 3650 12 000 
60-150 ....... Solution treated 0.007 3650 12 000 K30 C2 
and aged 0.007 3650 12 000 
0.003 3050 10 000 
100-150. 0.003 3050 10 000 
2480... Solution treated 6-25 025-1 0.005 3050 10 000 Kao ca 
and aged 25-50 12 0.005 3050 10 000 
50-100 24 0.002 2750 900 
100-150 46 0.002 2750 9 000 


Source: Ref S 
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Table 31 Nominal speeds for the power band sawing of aluminum alloys with high-speed tool steel blades 
Material 
Hardness, thickness Thread designation Band speed — 
Material HB (500 kg) Condition mm in, Tooth formía) Pitch, mm Тент. mimin чш. 
Wrought 
EC 2218 5252 30-80 Cold drawn xh P 18-14 4-18 3085) — 10000) 
1060 2219 5254 P 25-18 10-14 275) 5006) 
1100 2618 5454 P 425 6-10 230) — 750) 
1145 300 5456 c 8.5 3 200) 65006) 
1175 3004 5457 75-150 Solution treated and aged — «12 P 1.8-1.4 14-18 275() — 900b) 
1235 3005 5652 12-25 Р 25-18 1-14 245(b) 80016) 
2011 4032 5657 25-75 Р 425 6-10 200b) — 650b) 
2014 5005 6053 >75 © 8.5 3 170) 550b) 
2017 — 5050 бы 
2018 6063 
2021 6066 
2024 6070 
2025 5086 ӨШ 
2117 5154 6151 
Cast 
Sand and permanent mold 
AMO — 39.0 — 3550 — A720 40-100 As-cast Р 18-14 14-18 305b) — 10000) 
20.0 — 9&0 3590 07120 Р 25-18 10-14 275) 990 
2080 — A320 B4430 7130 P 425 6-10 230) — 7500b) 
213.0 F320 540 77.0 с 8.5 3 200b) 650(b) 
22.0 А5140 850.0 70-125 Solution treated and aged P 18-14 14-18 21780) — 900b) 
224.0 B5140  A850.0 Р 15-8 10-14 245b) В00(Ы) 
242.0 B850.0 P 425 6-10 2000) 650) 
2950 C3550 с 8.5 3 1705) — 5500) 
В29530 3560 5.0 
3080 — А3560 7070 
Hiduminium RR-350 
Die castings 
360.0 40-100 cast Р 14-18 20006) 6500) 
A360.0 Р 10-14 1856) 600b) 
380.0 P f 6-10 150b) 500b) 
АЗОО ia iut Ja y det 
C430 70-125 Solution treated and aged P 1-14 14-18 10b) 5506) 
518.0 P 2.5-1.8 10-14 180b) — 500b) 
P 425 6-10 1206) — 400b) 
383.0 40-100 As-cast E Р 14-18 170b) — 5500) 
A384.0 Р 10-14 1500) — 500b) 
413.0 P 6-10 120b) АЫ) 
A413.0 >75 ee : А + 
70-125 Solution treated and aged — «12 Р 14-18 150) — 500) 
12-25 P 10-14 135) — 450) 
25-75 Р 6-10 108b) — 3500) 
>75 E es En 
390.0 40-100 Asccast E Р 14-18 76 250 
3920 DEI P 10-14 67 20 
13 P 6-10 56 185 
эз е ve л. 
70-125 —— Solution treated and aged E P 14-18 60 200 
Vel Р 10-14 55 180 
1-3 Р 6-10 46 150 
>з м Км 





(a) P, precision: C, claw; B, buttress, (b) Recommended speed for high-carbon-steel blade. Source: Ref 5 





carbide cutters, mainly because the speeds 
are usually greater for carbide cutters. 
Depth of cut (roughing or finishing), partic- 
ularly in face milling, has some effect on the 
rate of feed selected. For end milling, the 
principal factor affecting rate of feed is 
cutter diameter (Table 28) because small 
end milling cutters lack rigidity. 

Depth of cut is commonly about 6.35 mm. 
(0.250 in.) for roughing and 0.64 (0.025 in.) 
or less for finishing. If power is available, 
depth of cut can be several times greater 
than the above when large amounts of metal 
are to be removed. 


In machining aircraft components, skin 
milling, which involves deep cuts (some- 
times 50 mm, or 2 in., or more). is common 
practice. Machines used for skin milling are 
basically planer mills that have evolved into 
elaborate tracer-controlled machines. The 
milling is ordinarily done by means of large 
peripheral-type (slabbing) cutters. 

Cutting fluid should be supplied copi- 
ously and under pressure to the tool and 
workpiece. It is important, particularly with 
carbide cutters, that the cutting fluid be 
supplied uniformly and consistently to all 
parts of the cutter in order to prevent over- 











heating and sudden chilling of the carbide 
lips. Rapid heating and cooling is extremely 
detrimental to the life of carbide cutters. 

For high-speed milling, emulsions of sol- 
uble oil and water at a 1:15 ratio are recom- 
mended. For low-speed milling, a ratio of 
1:30 is recommended. 

Kerosene is effective with form cutters. 
When modified T-slot cutters were used to 
mill a blade-root slot in aluminum wheels 
for axial-flow compressors to a tolerance of 
less than 0.025 mm (0.001 in.), no cutting 
fluid except kerosene could produce the 
required accuracy and surface finish. 
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Table 32 Nominal speeds and feeds for the power hacksawing of aluminum alloys with high-speed tool steel 



































blades 
Material 
Hardness, thickness Thread designation Speed, — Fed 
Materia HB (500 ks) min, Там теам са] шогына metre we религ) 
Wrought 
EC 218 6253 30-80 Cold drawn <% <и 4 6 160 0.15 0.006 м 
1060 2219 6262 618 им 4 6 160 0.23 0.009 H 
1100 — 2618 6463 18-50 M2 63 4 160 0.30 0.012 H 
1145 3003 6951 >50 >2 63 4 160 0.30 0.012 H 
MTS 3004 7001 75-150 Solution treated and aged — «6 <А 4 6 140 0.15 0.006 M 
1235 3005 7004 618 Al 4 6 140 023 0.009 H 
2011 4032 7005 18-50 Y2 63 4 140 0.30 0.012 H 
2014 5005 7039 >50 o 63 4 140 0.30 0.012 H 
2017 5050 7049 
2018 — 5052 7050 
2001 5056 1075 
2024 5083 7079 
2025 5086 7175 
т 5154 7178 
Cast 
Sand and permanent mold 
АЦО — 390 — 3570 — А7120 40-100 Asccast <6 <h 4 6 140 0.18 0.006 M 
20.0 3280 — 35990 — D720 618 WA 4 6 140 0.23 0.009 H 
2080 — А3320 B4430 7130 18-50 0-2 63 4 140 0.30 0.012 H 
330 FH20 540 7710 >$0 >2 63 4 140 0.30 0.012 H 
2220 3330 А5140 8500 70-125 edandaged = «6 <4 2 10 130 0.15 0.006 M 
2240 3540 BS14.0 4850.0 в и-и 4 6 130 0.23 0,009 H 
2420 — 355.0 5200 — BN50.0 18-50 X2 63 4 130 0.23 0.009 н 
2950 — С355,0 5350 эю  >2 63 4 130 0.30 0.012 H 
B9S0 3560 7050 
3080 A3560 707.0 
Hiduminium RR-350 
Die castings 
360.0 — A380.0 40-100 — As-cast <6 4 6 140 0.006 M 
А3600 C443.0 6-18 4 6 140 0.009 H 
3800 Мб 18-50 63 4 140 0.012 H 
50 63 4 140 0.012 H 
70-125 Solution treated and aged — «6 25 10 130 0.006 м 
6-18 а 6 130 0.009 H 
18-50 63 4 130 0.009 H 
>50 63 4 130 0.012 H 
383.0 A0-100 — As-cast <6 <и 25 10 130 0.006 M 
A384.0 6-18 YAM 4 6 130 0.009 H 
413.0 18-50 X2 63 4 130 0.009 H 
A413.0 >50 >? 63 4 130 0.012 H 
70-I25 Solution treated and aged — «6 — < 25 10 130 0.006 M 
618 им 4 6 130 0.009 H 
18-50 M2 63 4 130 0.009 H 
эф 02 63 4 130 0.009 H 
390.0 40-100 — As-cast <6 <и 25 10 125 015 0.006 M 
392.0 им 4 6 125 0.15 0.006 M 
%-2 63 4 115 0.15 0.006 M 
>2 63 4 15 0.15 0.006 M 
70-125 Solution treated and aged — «6 < 25 ш 120 0075 0.003 1 
6-18 YM 4 6 120 0.15 0.006 M 
18-50 Ye? 4 6 110 0.15 0.006 M 
259 2 63 4 110 0.15 0.006 M 


(a) Conversions per 150 2336. (b) L. light: M, medium: Н, heavy 


Source: Ref $ 








Form milling is often an economical 
method for machining complicated shapes 
in aluminum. The complexity of form that 
can be built into the design of a cutter 
is limited, as when the tangent of the cur- 
vature approaches 90° to the horizontal 
plane. As a result, secondary operations are 
sometimes required to complete a complex 
form. 

Basic types of form cutters have cam- 
relieved teeth or shaped teeth. Cam- 
relieved teeth are sharpened by grinding the 


tooth faces without changing the form. If 
surface finish is a secondary consideration, 
straight-tooth cutters are used because they 
are easier to sharpen. However, if surface 
finish is important, helical cutters must be 
used. Although helical cutters can be oper- 
ated at higher speeds and greater feeds than 
straight-tooth cutters, they require consid- 
erably greater care when being sharpened. 

Shape form cutters are made either with 
integral teeth or blade inserts. These cutters 
are less expensive than integral-tooth, cam- 








relieved cutters, but they require more 
equipment and more skill in grinding. 

The feasibility of form milling depends on 
several variables, including cutter cost, vol- 
ume of production, design of workpiece, 
and type of milling machine available. Thus, 
for small production lots, the cost of a single 
form cutter must be compared with the cost 
of several cutters of less complex shape. 
For form milling, the workpiece must be 
relatively large, must have no thin sections, 
and must be capable of being well secured. 
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Finally, form milling requires high-power 
equipment that is rugged and in good oper- 
aling condition. The following example de- 
scribes an application of form milling and 
shows the production quantity required to 
justify a high-cost form cutter. 

Example 9: Cost of Standard Versus 
Form Milling. The contour of the work- 
piece shown in Fig. 27 could be milled 
equally well by using five standard cutters 
for five separate operations or by using one 
specially designed form cutter that could 
mill the contour in a single operation. The 
operations performed by both methods are 
listed in the table accompanying Fig. 27. 
Although the cost of the cutters was the 
same for form and standard milling, the time 
required for form milling was only about 
one-third that for standard milling. 

Automatic Control. The generally good 
machining characteristics of aluminum al- 
loys make them especially well adapted to 
automatic control, by which extremely 
complex shapes can be milled efficiently. 
The following example gives details of an 
application in which automatic control was 
used. 

Example 10: ing a 758 kg (1670 
Ib) Forging With Numerical Control. The 
part shown in Fig. 28 was made from an 
alloy 7075 blocker forging that weighed 758 
kg (1670 Ib). Overall measurements of the 
forging were 3380 x 1730 x 406 mm (133 x 
68 x 16 in.), and those of the finished part 
were 3330 x 1680 x 356 mm (131 x 56 x 14 
in.). The weight of the finished part was 178 
kg (393 Ib), with 579 kg (1277 Ib) of metal 
having been removed in machining. 

With the part held in a special milling 
fixture, rough profile machining was per- 
formed in a tape-controlled three-axis pro- 
file milling machine. A special boring fix- 
ture was used for rough line boring the 140 
and 222 mm (5.50 and 8.75 in.) diam trun- 
nion holes. After roughing cuts were com- 
pleted, approximately 3.05 mm (0.120 in.) of 
metal remained to be removed by finish 
machining after the forging was heat treated 
to the T6 temper. Special fixtures prevented 
warpage during heat treating and in finish 
milling. Machining was completed using the 
same NC machine. De of the process, 
machine, and cutter are given with Fig. 28. 

Dimensional accuracy is affected by re- 
sidual stress in the workpiece, induced 
stress caused by milling, built-up edge on 
cutters, and dull cutters. Workpieces with 
complex shapes or variable section thick- 
ness, especially in the aged condition, are 
more difficult to mill to close tolerances. To 
achieve dimensional stability and to main- 
tain close tolerances, residual stress must 
be avoided. 

Milling of high-silicon alloy 390 (Ref 2) 
is accomplished with carbide tools at speeds 
up to 175 m/min (575 sfm) or with polycrys- 
talline diamond tools at speeds up to 790 m/ 
min (2600 sfm). Moderate positive-rake and 
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shear angles should be used. Optimum tool 
life will be achieved if a coolant is used, but 
alloy 390 can be machined dry with good 
tool life and with little built-up edge prob- 
lem. 

Compared to other aluminum alloys, al- 
loy 390 has traditionally been milled at 
rather slow speeds (90 to 175 m/i 
to 575 sfm) using C-2 grade гип 
inserts with a liberal application of flood 
coolant. Feed rates of 0.10 to 0.30 mm/tooth 
(0.004 to 0.012 in./tooth) and cutting depths 
ranging from 0.13 to 5.1 mm (0.005 to 0.20 
in.) are common practice. 

Cutter geometry is important for ensuring 
adequate surface finish of the machined 
casting and a long tool life for the cutting 
inserts. The entering angle should be 45* to 
minimize vibration and workpiece fritter- 
ing. A large positive-rake angle, from 5 to 
20°, extends tool life and reduces the ten- 
dency toward built-up edge. Clearance an- 
gles from 5 to 15° reduce buildup on the 
edge clearance flank. Pitch depends largely 
on the diameter of the cutter, depth of cut, 
and type of cut (roughing or finishing). As 
with turning, the productivity and tool life 
performance of the milling operation can be 
greatly improved through substitution of 
polycrystalline diamond for carbide. 

The first large-volume alloy 390 engine 
manufactured in the United States was ma- 
chined on a transfer line designed for gray 
iron. Instead of broaching, face milling was 
employed, with an average production tool 
life of 130 engine blocks per carbide tool. 

When compared experimentally with 
polycrystalline diamond (Fig. 29), the per- 
formance of the milling operation was great- 
ly enhanced. At ten times the speed and 
metal removal rate, tool life would be pro- 
jected to be in excess of 1000 engine blocks. 
At the same speed and production rate used 
for carbide, the diamond tool life would be 
practically infinite. 

This performance improvement was also 
experienced in a study in which alloy 390 
engine blocks were face milled without 
coolant (Fig. 30). The best tool life achieved 
when milling with carbide from 100 to 175 
m/min (328 to 574 sfm) was approximately 
50 engine blocks at lower speed. The feed 
rate was 0.18 mm/tooth (0.007 in./tooth), 
and the depth of cut was 1.02 mm (0.040 in.) 
for roughing and 0.51 mm (0.020 in.) for 
finishing cuts. The best tool life was 











achieved using H10 grade cemented car- 
bide. The tool life when dry milling with 
polycrystalline diamond at speeds ranging 
from 400 to 800 m/min (1312 to 2625 sfm) 
was approximately 1000 engine blocks at 
the lower speed. Surface finish was also 
greatly improved, indicating that polycrys- 
talline diamond is much less sensitive than 
carbide to the effect of coolant when milling 
alloy 390. These results do not indicate that 
the application of coolant is not desirable to 
prolong tool life, but it does mean that 
milling with polycrystalline diamond with- 
out coolant, if desired, can be a commercial 
reality. 

Milling of Alloy 380 With Polycrystal- 
line Cutting Tools (Ref 1). An interesting 
application of diamond tooling is the ma- 
chining of an aluminum automotive exten- 
sion housing made of die cast 380 aluminum 
alloy, which contains approximately 896 Si. 
The component is about 330 mm (13 in.) 
long, tapering from about 203 x 254 mm ( 8 
X 10 in.) at one end to a diameter of about 
75 mm (3 in.) at the other. The overall shape 
of the casting is relatively complex, and the 
nominal wall thickness over most of its area 
is about 4.0 mm (%2 in). A l4-station 
pallet-type transfer machine performs a 
number of drilling. tapping, reaming, cham- 
fering, boring, and facing operations on the 
transmission part. 

The large end of the casting requires the 
machining of a shallow, interruped bore of 
about 140 mm (5% in.) in diameter and 9.5 
mm (% in.) deep and the facing (milling) of 
the entire end. To maintain perpendiculari- 
ty, the boring and the milling tools are 
combined into a single cutter body. Two of 
these are used—one for roughing (which 
also incorporates a tool for chamfering the 
bore inside diameter), and one for finishing. 

The overall configuration of the cutter is 
essentially a hollow mill with a central bor- 
ing bar. Tool and workpiece are both shown 
in Fig. 31. This is fed axially into the part to 
produce the bore and the chamfer, while the 
milling teeth rotate beyond the periphery of 
the part. The cutter is then withdrawn from 
the bore and fed radially across the surface 
to be face milled. The milling teeth are 
positioned farther out axially than the bor- 
ing and chamfering teeth so that there is no 
interference, 

All cutting edges are polycrystalline dia- 
mond. The boring tool is a special diamond- 
tip 9.5 mm (3% in.) inscribed circle triangular 
insert clamped in place with 2° radial rake 
and 5° axial rake. The chamfering tool is a 
9.5 mm (% in.) square insert with a brazed 
diamond cutting edge. This insert is pre- 
sented to the cut with 0° radial and 5° axial 
rake. Although chamfering is done only at 
the roughing station, a dummy cartridge is 
used to maintain balance of the finishing 
cutter—a necessity at these speeds. 

Twelve milling teeth are set on an effec- 
tive diameter of 356 mm (14 in.). These are 
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Surlece pattern pror 























Io tin patina 
Machine . . „ Cylindrical grinder, 152 х 
457 mm (6 x | К, 
with automatic infeed 
electrie-cycle control 
and semiautomatic 
profile dresser 
Wheel 
ТУЙЕ кеа А-46-К5-У 
Size, mm (in.) 508 x 60 x 305 (20 x 
2 х 12) 
Life per dressing ‚ 100 pieces 
Operating conditions 
Wheel speed, at 1300 
rev/min, m/min (sfm) ..... 2100 (6800) 
Work speed, rev/min 96 


Feed/pass, mm (in.) 0.41-0.46 (0.016-0.018) 
Grinding fluid Soluble oil: water (1:25) 
Production rate, pieces/h ... 106 

Timeipass, Ма)... 20 
Surface finish, um (pin. 


(а) Infoed set with automatic timer 











1,25-2,25 (50-90) 








i Permanent mold cost piston (90 to 120 
Fig. 33 gia was ground in a single poss, 
removing 0.41 to 0.46 mm (0.016 to 0.018 in.) of stock. 
jimensions in figure given in inches 





cartridge-type cutters with brazed diamond 
tips having the following geometry: 15° lead 
angle (the inner edge), 5° radial rake, 5° 
axial rake, 6° clearance, and mm (0.060 
in.) nose radius. On the finishing cutter, one 
of these is ground with a 0.76 mm (0.030 in.) 
wiper flat instead of the radius, which was 
found to improve significantly the surface 
finish produced on the part. 

These combination cutters are run at 3450 
rev/min for both roughing and finishing, 
yielding a cutting speed of 1514 m/min (4967 
sfm) for the boring and chamfering opera- 
lions and 3854 m/min (12 645 sfm) for the 
face milling operations. In roughing, mate- 
rial removal is approximately 2.03 mm 
(0.080 in.) in the bore and 1.65 mm (0.065 
in.) on the face. In finishing, 0.38 mm (0.015 
in.) is removed from both surfaces. 











The contour cutting of aluminum alloys is 
usually done by band sawing; straight cut- 
ting is done on a circular saw, band saw, 
power hacksaw, or abrasive cutoff wheel. 
Circular saws or band saws are preferred 
for the rapid cutoff of rod and bar stock; 
either can be readily adapted for high- 
speed, automatic work handling. 

Linear feed rates as high as 762 to 2030 
mm/min (30 to 80 in./min) are sometimes 
used in the cutoff of stock 50 to 203 mm (2 











Table 34 Abrasive cutoff wheels for cutting aluminum alloys 





Hardness, 
нв (500 kg) 


Wheel identification 
Dry cutting. Wet cutting. 
Condition о ANSI Iso ANSI 





6253 30-150 


Cold drawn or 


A36—RB  A36—RB A46—PR А46—РЕ 








6262 solution treated 
6463 and aged 
6951 
7001 
7004 
7005 
7039 
7049 
7050 
7075 
7079 
7175 
717% 
А7120 40-125 — As-cast or A3C—RB A36—RB A4&—PR A46—PR 
D7120 solution treated 
713.0 and aged 
710 
850.0 
A8500 
0 В850.0 
Hiduminium RR-350 
Die castings 
C430 5180 
Sand and t mold 
328.0 330 А3560 4-125 Ascastor A36—RB A36—RB A46—PR A46—PR 
A332.0 354.0 3570 solution treated 
F332.0 3560 359.0 and aged 
Die castings 
360.0 3830 4130 
A360.0 A3840 А4130 
380.0 3900 


A380.0 392.0 


Source: Ref $ 





to 8 in.) thick, for cutting rates of 0.032 to 
0.16 m/min (50 to 250 in."/min). Recom- 
mended tooth angles and contours for the 
three types of saws are given in Tables 29 to 
Circular Sawing. Peripheral speeds are 
45 to 4600 m/min (150 to 15 000 sfm) for 
high-speed steel and carbide-tip circular 
saws, depending on the saw matcrial, the 
type of cut, and the ability of the machine to 
withstand high speeds (Tables 29 and 30). 
The limiting factor is usually the maximum 
safe operating speed of the machine and 
blade. 

The feed rate for circular sawing ranges 
from 0.05 to 7.6 mm/tooth (0.002 to 0.30 in./ 
tooth), depending mainly on the alloy being 
sawed. The width of the section being 
sawed and the speed of the saw have some 
bearing on the rate of feed. 

Band Sawing. Hard-tooth, flexible-back 
carbon steel bands are used at 46 to 305 m/ 
min (150 to 1000 sfm) on cast and wrought 
aluminum alloys (Table 31). The following 
example compares milling and contour band 
sawing for producing a shape from an alu- 
minum alloy plate. In this application, band 
sawing was faster and less expensive. 





Example 11: Contour Sawing of a 
large Plate. An aluminum alloy plate 
weighing 653 kg (1440 Ib) and measuring 
1220 x 1525 x 127 mm (48 x 60 x 5 in.) was 
rough machined in a milling machine to 
obtain the contour shown in Fig. 32. Milling 
required about 442 h. The same part was 
produced in 67 min in a contour band saw, 
cutting at a rate of 9700 mm"/min (15 in.?/ 
min). 

Sawing was done with a high-speed steel 
blade (hook tooth; raker set; 6 pitch; 25 
mm, or | in., wide; 0.89 mm. or 0.035 in., 
thick). using a heavy-duty chemical solution 
as a cutting fluid. A dimensional tolerance 
of +0.38 mm (20.015 in.) was maintained. 

Power hacksawing is done at 110 to 160 
strokes per min with a feed of 0.15 to 0.30 
mm/stroke (0.006 to 0.012 in./stroke) (Table 
32). The higher speed is recommended for 
sawing nonheat-treated cast aluminum al- 
loys, and the lower speed (110 strokes per 
min) for abrasive materials such as 390 and 
392 solution-treated and aged die cast al- 











id. Although circular saws 
can be operated satisfactorily on aluminum 
alloys at moderate speeds and medium cuts 


RESTS OMEN onto 
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Table 35 Nominal speeds for the abrasive belt grinding of aluminum alloys 





Г Contact wheel ——] 


Hardness, 





Hardness, Abrasive Grain Г 86 speedia) — 
Material HB (S00 kg) Condition Operation type size m/s ят Туре) Durometer 
Wrought and cast 30-150 Cold drawn, Roughing — ALO, SiC 24-80 25-33 5000-6500 SR. SFR 70-95 
as-cast, or Polishing АЬО,, SiC 100-240 25-40 5000-8000 SR, SFR, B. 20-60 


solution treated 


and aged 


(a) Use lower values of belt speed when good surface integrity is required. (b) SR, serrated rubber: SFR. smooth face rubber; B. buff type. Serrations are usually at a 45° angle, although some heavy stock 


removal operations use а 607 angle, Widths of lands and grooves vary from narrow. 


depending on workpiece shape and operating conditions. Source: Ref 5 


‘and wide grooves for fast aggressive cuts to wide lands and narrow grooves for intermediate and finishing operations, 





Table 36 Honing recommendations for aluminum alloys 











[-— Honing stone material Grain size at а surface roughness, Ry, pum (pin), of: "| Spindle motion, m/min (stm) ^ Working 
Hardness, Grade, ANSI '0,025-0.125 0.15-0.25 0.30-0.50 0.53- >0.75' Rotating Reciprocating pressure, 
Material HB (500 kg) ‘Type or iso a-5 (1) — (11-20) 30) speed. speed kPa (psi) Cutting пша 
Wrought and 
proe 30-450 — Silicon carbide or Lia) 600 500 400 280 20 152-64 27-209 276 70-30 kerosene/ 
diamond (600) (500 — (409 (280) (20 (50-210) (9-75) (40) oil (sulfurized 
(metal bonded) or chlorinated) 


(a) L, a medium grade. Source: Ref 5 





without a cutting fluid, it is advisable to 
supply copious amounts of soluble-oil:wa- 
ter emulsion (1:20) for all high-speed cut- 
ting. The cutting fluid should flood the blade 
and workpiece under slight pressure and it 
should be filtered or settled before recy- 
cling. In some applications, the addition of a 
little kerosene or lard oil to the emulsion has 
been beneficial. Soap solutions can be sub- 
stituted for oil emulsions. 

For band saws, some cutting fluid is 
essential for all but the lightest cuts. A wide 
selection of compounds is available, ranging 
from tallow or grease sticks to kerosene- 
thinned mineral-base lubricating oil or 
emulsions of soluble oil and water. It is 
often more convenient to use a fluid lubri- 
cant, supplied generously through a recy- 
cling system. For hacksawing, procedures 
are similar to those for band sawing. 








The harder, free-cutting aluminum alloys 
are comparatively easy to grind. The non- 
free-cutting alloys, particularly in their soft- 
er tempers, are likely to clog grinding 
wheels, and they do not finish to as bright 
and smooth a surface as the harder alloys. 

Abrasive Wheels. For grinding alumi- 
num alloys, a silicon carbide abrasive in a 
flexible base is generally preferred. Alumi- 
num oxide is seldom recommended, except 
for piston grinding and in cutoff wheels. 
Wheels of medium hardness, about 46-grit 
size, and with a synthetic resin bond work 
best for roughing. For finishing, wheels of 
finer grit size (to about 60) and with a 
vitrified bond are generally used. Recom- 
mendations for wheels for several different 
types of grinding operations are given in 
Table 33 (the ANSI system for identifying 
the characteristics of grinding wheels is 
explained in the articles ‘Grinding Equip- 











ment and Processes" and "'Superabra- 
sives" in this Volume). The following ex- 
ample describes specific grinding practice 
for pistons. 

Example 12: Grinding of Pistons. After 
extensive testing, an A-46-K5-V wheel was 
selected for grinding the skirt of permanent 
mold cast F132-TS pistons (Fig. 33). Re- 
quirements for the wheel were: 


ө Satisfactory performance without fre- 
quent redressing 

* Ability to hold the required profile 

* Production of a 1.25 to 2.25 рт (50 to 90 
шіп.) finish 


The A-46-K5-V wheel was capable of grind- 
ing 100 parts between redressings and met 
the other requirements. 

A special hydraulic dresser, equipped 
with a profile bar, was used to dress the 
wheel. The dressing tool was a JY-carat 
diamond that was turned in its holder after 
eight dressings to maintain a sharp point. 
Details of this grinding operation arc given 
in the table accompanying Fig. 33. 

Cutoff Wheels. Abrasive cutoff wheels 
for aluminum are usually of aluminum ox- 
ide, as indicated in Table 34. For wet grind- 
ing, which is generally recommended, the 
bond is usually rubber. For dry grinding, 
either rubber or resinoid bond can be used. 
Typical specifications are A-20-U6-R (alu- 
minum oxide, 20 grain size, U grade, 6 
structure, rubber bond) and A-24-S7-B (alu- 
minum oxide, 24 grain size, S grade, 7 
structure, resinoid bond). The width of the 
wheels ranges from 0.08 to 3.96 mm (0.003 
to 0.156 in.); diameter varies from 25 to 762 
mm (1 to 30 in.). These wheels cut to an 
accuracy of a few thousandths of an inch. 

Reinforced (Flexible) Wheels. In cutting 
off gates and sprues from castings of irreg- 
ular shape, excessive wheel breakage can 
occur because of very high pressure on the 











sides of the wheel. To eliminate this prob- 
lem and to provide for safe operation, spe- 
cial reinforced, flexible, abrasive wheels 
have been developed. These wheels are 
manufactured from laminated sheets of cot- 
ton fiber filled with abrasive grain and are 
used for operations ranging from heavy 
grinding to light sanding: cutting off, sharp- 
ening, deburring, and finishing. Such 
wheels used for aluminum are C-24-014-B 
to C-24-U14-B. 

Speed. Typical wheel speeds for several 
types of grinding are given in Table 33. 
Sometimes, by adjusting the speed, a wheel 
that was previously unsuited for a particular 
operation can be made to grind satisfactori- 
ly. For example, if a wheel is too soft, 
increasing the speed will give a harder ac- 
tion. 

Using the recommended speed for a 
wheel is important, not only from the stand- 
point of grinding results but also to ensure 
safety. Stress from centrifugal force in- 
creases greatly as wheel velocity increases. 
The force tending to pull a wheel apart will 
be four times greater at 3600 rev/min than at 
1800 rev/min. 

Grinding Fluid. Neutral soluble-oil emul- 
sions are satisfactory for grinding alumi- 
num. The addition of a wetting agent (deter- 
gent) is sometimes helpful. Although an 
emulsion of 1 part soluble oil to 35 parts 
water is commonly used, a better cushion- 
ing effect, which also prevents clogging of 
the wheel, is obtained by using more oil and 
less water. One manufacturer, in grinding 
soft aluminum alloy castings, went progres- 
sively from a mixture of 1 part oil to 20 parts 
water to a mixture of 1 part oil to 6 parts 
water before obtaining satisfactory results. 

In rough grinding, where stock removal is 
the primary objective, a generous applica- 
tion of wax or stick grease is often satisfac- 
tory. This type of lubricant is often used 
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1 
se itso 

em eT EL 
Speed, at 900 rev/min, 

m/min (sfm) ‚ 190 (620) 
Spindle reciprocation rate, 

strokes/min ............. 00 
Hone speed, m/min (stm)... 21 (70) 


Stock removed, mm (in.) 
Honing time, ®........... 
Cutting шй... 
Size control method ...... 
Stone life, per set (average). 
Production rate, pieces/h ., 
Bore alignment before 


2 0.038-0.51 (0.0015-0.020) 
25 


‚ Mineral seal oil 
Air gage 

300 assemblies 
75 














honing, mm (in.). 4.05 (0.002) 
Bore alignment afte 

honing, mm (in.). . 0.018 (0.0007) 
Specified tolerance. 

mm (иу. уз». *0.008 (0.0003) 
Specified finish, ит (pin. 0.50-0.63 (20-25) 





i Die cast engine block that was honed with 
Fig. 34 jo bearing cops in place, ond 
honing tool that was used (bottom). Dimensions in figure 
given in inches 


when the application of liquids is not feasi- 


le. 

Belt Lubricant. Grinding fluids or stick 
lubricants improve the finish produced by a 
coated abrasive belt and prevent glazing of 
the belt. Lubricants used range from water 
to stick waxes; standard cutting oils and 
soluble-oil mixtures are often used in high- 
production belt machines. 

Greases cushion the penetrating action of 
the abrasive into the work and produce finer 
finishes than are obtained in dry grinding. 
Although the crest of each grain is free to 
cut, the grease prevents deep scratches. 

Greases are used for the offhand grinding 
of aluminum die castings. When stock re- 
moval is the primary objective, a light 
grease should be used, preventing the belt 
from loading but permitting a maximum 
amount of abrasive penetration into the 





Table 37 Comparison of data and characteristics of systems for the chemical тї 


ic Metals and Alloys 


metal being ground. For a good finish, a 
heavy grease should be used. 

Some operations use two types of grease, 
ide by side, on the same abrasive belt. One 
side is used for a high rate of stock removal, 
and the other for a finer finish. If the belt 
becomes loaded despite the use of grease, 
an application of kerosene will free the belt 
of embedded particles. 

Liquid lubricants are primarily used to 
prevent belt glazing. When water is used, a 
rust inhibitor should be added. 

Soluble oil mixed with water is effective 
in grinding aluminum if stock removal is the 
primary objective. Table 35 lists data for 
abrasive belt grinding. 





Aluminum alloys are honed by methods 
similar to those used for other metals (see 
the article “Honing” in this Volume). Resin 
bond abrasives are preferred; sulfurized 
mineral-base oil or lard oil mixed with ker- 
osene is used to flush the abrasive sticks 
clean and to carry away heat. Table 36 lists 
honing specifications for aluminum alloys. 

Honing is used to finish anodized alumi- 
num surfaces (primarily the bores of some 
small aluminum engine blocks) and most 
aircraft hydraulic cylinders. Long anodized 
aluminum tubes that are components of 
in-flight refueling apparatuses are finished 
by manual honing. The tubes are chucked in 
a lathe, and the honing tool is moved man- 
ually. The oil supply is attached to the 
honing tool in such a manner that the flow 
of oil is directed where most needed. This 
method of honing is also used for finishing 
connecting-rod journals or crankshafts in 
aircraft overhaul shops. 

The following example describes the 
technique and conditions employed in the 
honing of main bearing bores in aluminum 
engine blocks. The aluminum blocks and 
the gray iron bearing caps were honed si- 
multaneously with a silicon carbide abra- 
sive, even though, if honed separately, gray 
iron and aluminum would be honed with 
different abrasives. 

Example 13: Simultaneous Honing of 
Aluminum and Gray Iron. Main-bearing 
bores in six-cylinder, die cast aluminum. 
engine blocks were honed with gray iron 
bearing caps bolted in place, as shown in 





aluminum, and nickel- and cobalt-base alloys 





606! olloy 


A Part from which 0.005 mm (0.0002 in.) of 
Fig. 35 sial was removed by lapping to smooth 
the surface to 0.025 um (1 piin.). Dimensions given in 
inches 


Fig. 34. The blocks were fixtured for honing 
and were held in position by a light clamp- 
ing force on the head faces. Each block was 
held securely so that it could resist torsional 
forces from the honing tool, but adjustment 
of clamping force was critical because ex- 
cessive force would distort the block. Hy- 
draulic cone expanders automatically fed 
out the single bank of six carbon-bonded 
silicon carbide stones (50 x 6.4 mm, or 2 x 
Vs in., 120 grit). Fifteen fiber guides, each 75 
X 6.4 mm (3 х Y4in.), were incorporated in 
the honing tool. Processing details are given 
in the table with Fig. 34. 


Lapping 

The methods used for lapping aluminum 
are the same as those used for other metals 
(see the article “Lapping” in this Volume). 
However, because similar finishes often can 
be produced by other methods at less cost, 
lapping is seldom used. In the following 
example, an extremely smooth finish of 
0.025 ат (1 ріп.) on an anodized part was 
produced by two methods of lapping. 

Example 14: Lapping Hard-Anodized 
Alloy 6061. The hard-anodized aluminum 
part (surface hardness equivalent to 65 
HRC) shown in Fig. 35 required removal of 
0.005 mm (0.0002 in.) from the three lands 
to produce a finish of 0.025 jum (1 pi 
Diamond abrasive (8000 mesh) in a paste 
vehicle was used for both centerless roll 
lapping and lapping in a two-plate machine. 
The roll lapper, at a rotation speed of 100 
rev/min (large roll) and a stroke speed of 50 
mm/min (2 in./min), produced ten parts per 
hour. The two-plate machine, which had 
upper and lower cast iron laps 406 mm (16 











ing of titanium, steel, 











Optimum Average surface 
Etch rate etch depth Etchant temperature roughness, Ry 
маш Principal etchant m ит | mm а * * »m vin. 
Titanium alloys . Hydrofluoric acid 0.015-0.030 10.0006-0.0012 32 0125 4622.7 11525 0.42.5 16-100 
Steels oon - Hydrochloric acid-nitric acid 0.015-0.030 0.0006-0.0012 32 0.125 6322.7 14545 0.8-3.2 30-120 
Aluminum alloys . ......- Sodium hydroxide 0.020-0.030 0.0008-0.0012 32 0125 9072.7 19545 20-32 80-120 
Nickel- and 
cobalt-base alloys . - Nitric acid-hydrochloric 0.010-0.038 0.0004-0.0015 32 0125 60227 14055 1.0-3.8 40-150 


acid-ferric chloride 


Source: Ref 5 














Table 38 Properties of maskant materials exposed to acids or alkalies 


that are widely used in the chemical mi 





ng of aluminum alloys 
































1 Maskant material — 
Property Butyl rubber Acrylonitrile rubber Neoprene rubber 
Ease of manufacture - Fair Fair Good 
Shelf life, months . 4-6 36 6% 
Solids, 9... ‚ 20-25 15-25 25-35 
‘application 
Dipping . кайшы» Йй Good Good 
Flow coating ........... Good Good 
Air spraying аства, Boot Poor 
Type of cure ET .. Heat Air or heat 
Tensile strength, MPa (ksi) 
Air-dried, 24 h.. - 7 (1.0) тах 
Heat cured Š 6-11 (0.87-1.6) 11-175 (1.6-2.5) 
Resistance to etchant 
Deterioration . Very good Very good Very good 
Permeability.. Excellent Very good Very good 
Heat limit, °C CB) . 150 (300) 120 (250) 95 (200) 


(a) Maximum useful temperature for intermittent exposure and for curing temperature. Source: Ref 5 





in.) in diameter and 75 mm (3 in.) thick. 
lapped 1000 parts per hour. 


Parts can be chemically milled over their 
entire surface, or the surface can be selec- 
tively machined by masking areas that do 
not require machining. The process is main- 
ly used for parts having large surface areas 
requiring small amounts of metal removal 
(see the article "Chemical Milling" in this 
Volume). 

Chemical milling is primarily used for 
parts having shallow cavities or pockets or 
requiring overall weight reduction. The 
main application has been in the aerospace 
industry to obtain maximum strength-to- 
weight ratios, but the process has also been 
receiving attention from other industries. 
Extremely large parts such as aircraft skin 
and fuselage sections and airframe extru- 
sions are chemically milled. 

Table 37 compares the chemical milling of 
aluminum to that of other metals typically 
machined by this process. In contrast to 
titanium alloys, steels, and nickel- and co- 
balt-base alloys, which use acid as an 
etchant, caustic soda is the usual etchant for 
aluminum alloys. 

When selective machining is involved and 
the scribe-and-peel method is used, mask- 
ing material is applied to the workpiece by 
spraying. dipping. or brushing. The dry 
maskant is scribed from a pattern and 
peeled from the workpiece to expose the 
areas that are to be chemically milled. Mask- 
ant can also be selectively applied by the 
Silk-screening process or by photographic 
methods. Properties of maskants used to 
chemically mill aluminum alloys are listed 
in Table 38. 

Machining takes place when the work- 
piece, contained in a work basket or held by 
а rack, is immersed in the chemical solu- 
tion. Agitation of the work or circulation of 
the solution is necessary to ensure uniform 
rates of metal removal from all exposed 


surfaces. The maskant material is removed 
from the workpiece by hand or with the aid 
of a demasking solution. 

When scribe-and-peel maskants are used, 
cuts as deep as 13 mm (0.5 in.) can be made. 
With the thinner and less chemical-resistant 
silk-screened masks, the depth of cut is 
limited to 1.5 mm (0.060 in.), but a more 
accurate and detailed cavity is possible. 
Photoresists provide still more detail and 
accuracy, but the cut is limited to a depth of 
1.3 mm (0.050 in.). Sheets and plates are 
tapered in thickness by immersing and with- 
drawing the workpiece from the etching 
bath at a controlled rate. Steps are pro- 
duced by repcated cycles of etching with 
different areas masked. The depth of cut is 
limited to about 13 mm (/ in.) in plate 
materials and to less than this with forgings, 
castings, and extrusions. 

Table 39 lists data for the surface rough- 
ness of three forms of aluminum alloys that 
were subjected to the chemical milling pro- 
cess. The effect of depth of cut on the 
surface finish of 7075 aluminum sheet is 
shown in Fig. 36. Typical tolerances of 
various depths of cut are: 




















Г Depth of cut р Г Talerance | 
mm Я mm in. 
0-1.25 0-0.050 0.001 

125-2.50 0.051-0.100 0.0015 
25-64 0.101-0.250 0.002 
64-127 0.251-0.500 0.003 








Additional information is available in the 
article ‘Chemical Milling" in this Volume. 
The followin; example illustrates the use of 
chemical ing to reduce the weight of a 
7072 aluminum aircraft part. 

Example 15: Fuselage Section Made 
From Preformed 7072 Aluminum Alloy 
Plate. The fuselage skin section shown in 
Fig. 37 was chemically milled after stretch 
forming. The web areas comprising about 
80% of the surface area (one side) of the 
originally 6.4 mm (% in.) thick section were 
etched to a thickness of 0.64 mm (0.025 in.), 
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Table 39 Surface roughness 
achieved by the chemical milling of 
aluminum alloys 





Surface roughness, Ry, 
after 0.25-0.40 mm 
(0.010-0.015 in.) removed 





























Form um uin. 
Sheet ... 2018 30-150 
Casting 3.87.6 150-300 
Forging 2,50-6.3 100-250 
Source: Ref $ 
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Relationship between surface finish and 
Fig. 36 деш, of cut for the chemical milling of 
7075 aluminum sheet. Source: Ref 5 
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7072 aluminum alloy 
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Fig. 37 Preformed aircraft skin section chemically 


contoured to reduce weight. Dimensions. 
given in inches 


Metal removed, in 
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А Breokeven between chemical and mechan- 
Fig. 38 coiling. Choice between them depends 
on fillet ratio ond depth of cut. 
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reducing the weight of the part from 27 to 
6.8 kg (60 to 15 Ib). 

Before the development of chemical mill- 
ing, parts of this type were made by welding 
or riveting reinforcing sheet sections to a 
formed 0.64 mm (0.025 in.) thick skin; there 
was no practical method of forming such a 
panel after machining or of machining such 
a panel after forming. Chemical milling low- 
ered manufacturing cost by greatly reducing 
the number of parts and eliminating assem- 
bly time. 

Chemical Versus Mechanical Milling. 
Figure 38 presents a typical curve for 
choosing the most economical of these two 
methods for removing metal from flat parts 
on which large areas having complex or 
wavy peripheral outlines are to be reduced 
in thickness. Fillet ratio and thickness of 
metal to be removed are used as the basis 
for evaluation. For this specific application, 


metal thicknesses greater than 6.35 mm 
(0.250 in.) should be removed mechanically; 
thicknesses less than 3.18 mm (0.125 in.), 
chemically. Between these two values, the 
choice depends on fillet ratio, which gov- 
erns the weight penalty. 


ACKNOWLEDGMENT 


ASM INTERNATIONAL would like to 
thank Alan McMechan, McDonnell Dou- 
glas Canada; Eli Levy, The de Havilland 
Aircraft Company of Canada; and R.A. 
Morley, Reynolds Aluminum, for their as- 
sistance in updating this article. Mr. Mc- 
Mechan prepared the section "Soft Spots in 
Machined Aluminum Parts," Mr. Morley 
supplied data on the machining of high- 
silicon aluminum alloys, and Mr. Levy pro- 
vided information on machining practices in 
the aerospace industry. 


REFERENCES 


1. Machining Aluminum, Special Report 


2. 


702, Am. Mach.. March 1978 

J.C. Miller, ‘Machining High Silicon 

Aluminum,” Paper G-T81-035, present- 

ed at the ТІ International Die Casting 

Congress and Exposition, Cleveland, 

OH, Society of Die Casting Engineers, 

June 1981 

. A. McMechan, ''Soft Spots in Machined 
Aluminum Parts," Paper presented at 
the Western Metal & Tool Exposition 
& Conference, Los Angeles, CA, Mc- 
Donnell Douglas Corporation, March 
1982 

. Machining Alcoa Aluminum, Aluminum 
Company of America, 1967 

. Machining Data Handbook, Vol 1 and 2, 
3rd ed., Metcut Research Associates, 
Inc., 1980 








Machining of Copper 
and Copper Alloys 


COPPER and copper alloys can be divid- 
ed into three groups. with respect to ma- 
chinability: 


е Free-cutting alloys, to which an apprecia- 
ble amount of lead, sulfur, or tellurium 
has been added to improve machining 
characteristics 

* Moderately machinable alloys, chiefly 
the nonleaded brasses containing 60 to 
85% Cu and the leaded nickel silvers 

* Alloys that are difficult to machine, in- 
cluding the nonleaded coppers, low-zinc 
brasses and nickel silvers, the phosphor 
bronzes and aluminum bronzes, cupro- 
nickel, and some beryllium copper 





Machinability Ratings 


Table | lists the nominal compositions 
and machinability ratings of the most widely 
used wrought coppers and copper alloys. 
Ratings are based on frec-cutting brass (61.5 
copper, 35.5 zinc, 3.0 lead) as 100. 

In machining characteristics, most alloys 
of group 2 are clo: 
group 1. Leaded 
leaded aluminum-silicon bronze (both rated 
60) are exceptions. 

Type of Chip. Group | alloys yield short, 
brittle chips. Because such chips readily 
free themselves from the tool or the ma- 
chine, the alloys of group 1 are well suited 
to rapid machining. 

Typical chips produced in machining 
group 2 alloys are a fairly open coil or a 
closely wound helix. These chips are rela- 
tively brittle, and a little more distortion will 
break them into separate fragments. 

A typical chip from a group 3 alloy is long 
and continuous, and it is often tightly 
curled. Because it is strong and tough, such 
achip will withstand considerable distortion 
without breaking, even to the extent of 
bending back flat. 

Casting Alloys. Machinability ratings for 
copper casting alloys (Table 2) follow the 
same general pattern as for wrought alloys. 
Group 1 includes only those alloys contain- 
ing lead, either as an alloying clement or 
specifically for the purpose of improving 
machinability. As in wrought alloys, the 
lead additions facilitate chip breakage, thus 





making possible high machining speeds, 
good tool life, and good finish. 

Alloys in group 2 contain secondary phas- 
es that are harder or more brittle than the 
matrix. In the machining of such alloys. 
short chips are produced. The 'on bronz- 
es, several aluminum bronzes, and the high- 
tin alloys belong to this group. 

The microstructure of the manganese 
bronzes would place them in group 2, but 
they produce a long spiral chip, smooth on 
both sides, that does not break. Some alu- 
minum bronzes, on the other hand, produce 
à long spiral chip that is rough on the 
underside and breaks, thus acting like a 
short chip cut from an alloy in group 1. 

Group 3 comprises the most difficult- 
to-machine alloys. It consists mainly of the 
high-strength manganese and aluminum 
bronzes that are high in iron or nickel 
content. 


Variations from 
Machinability Ratings 


Machinability ratings do not precisely de- 
scribe the actual degree of machinability in 
a particular application, and two alloys from 
the same group may differ considerably 
from the relative rankings implied by their 
nominal machinability ratings. Variations 
from the nominal machinability ratings m: 
occur because of the nature of the machin- 
ing process, the composition and micro- 
structure of the alloy, or the precise criteria 
(tool life, cutting rate, and/or surface finish) 
of machinability. 

Consider, for example, the effects of cop- 
per content (from about 58 to 62%) on the 
machinability of free-cutting (3.25% Pb) a-B 
alloys in drilling, sawing, and milling te 
as shown in Fig. 1. The upper curve in 
1, plotted from ratings of two c-B alloys 
from Table 1, indicates qualitative agree- 
ment with the tests on the other four leaded 
alloys in the same range of copper content. 
However, the lack of precision in machin- 
ability ratings is shown by the 
among the three different mac! 
cesses represented in Fig. 1. 

Another example is that the machinability 
of some alloys in group 3 may differ consid- 
erably in production machining. even 
though all the alloys in the group have the 


























same nominal rating of 20. For example, 
tough pitch and other oxygen-bearing cop- 
pers contain cuprous oxide as a finely dis- 
pered phase that functions somewhat like 
the lead particles in group | alloys, although 
1o a much lesser degree. Because of this 
microstructural characteristic, the tough 
pitch coppers are better in machinability, 
type of chip, and surface finish than oxy- 
gen-free coppers. 

‘The machinability of the group 3 alloys 
can also be improved with chip curlers, or 
chip-breaking grooves, on the tool. By se- 
lecting the appropriate land width of the 
chip-breaking groove (as discussed in the 
section "Turning" of this article), the ma- 
chining of group 3 alloys can produce short, 
broken chips similar to those of the free- 
machining alloys (group 1). 





esse RN 


As indicated in the following sections, 
machinability is improved by lead, sulfur, 
tellurium, and zinc and deteriorates when 
tin and iron are used as alloying elements. 

Lead functions in wrought copper alloys 
to improve machinability by increasing the 
brittleness of the alloy, causing chips to 
break off readily and in short curls rather 
than in long stringers. Lead does not dis- 
solve in copper alloys, but is finely dis- 
persed throughout the alloy matrix. Be- 
cause it is soft, lead reduces the strain 
involved in chip formation and produces 
fine needles that break close to the shear 
plane so that the tool-chip content is small. 
It should also be noted that an increase in 
brittleness accompanies any lead addition, 
but chips are extremely short and brittle 
only when at least 2% Pb is present in the 
alloy. 

Figure 2 shows machinability as a func- 
tion of lead content for brasses containing 
62 to 65% Cu. Machinability improves rap- 
idly at first, but the rate of improvement 
drops off drastically to practically nothing 
at 3.25% Pb. An increase in lead content 
beyond 3.25% is seldom advantageous. The 
use of less than 1% Pb is common. 

Sulfur and Tellurium. The effects of 
sulfur and tellurium on the drilling of copper 
are compared in Fig. 3. The basis of ap- 
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Table 1 Compositions and machinability ratings of wrought copper and copper alloys 
‘Nominal composition, 9 —— —— 
Alloy No. -— ES E Za њ sn} Machina 
Group 1: free-cutting alloys 
€17300, . Beryllium copper 97.50 (02 тіп. № + Со) (эВ 04 50 
C1870, Leaded copper 99.00 ` 1.00 80 
CI4500. Tellurium copper 99.40 (0,50 Te) 80 
C33000. Low-leaded brass (tube) 6600 3.50 — 030 60 
C33500. Low-leaded brass 6500 0.50 ө 
C3490, Brass 62.00 0.30 50 
€34000 Medium-leaded brass 65.0 1.00 70 
aaoo. High-leaded brass (tube) 66.00 1.60 80 
CM200. .. High-leaded brass 65.00 2.00 90 
Сз5600. Extrahigh-leaded brass 63.00 250 100 
C36000. ... Free-cutting brass 61.50 3.00 100 
C36500-C36800 Leaded Muntz metal 60.00 0:60 ө 
CY... Free-cutting Muntz metal 60.00 1.00 70 
€37700. Forging brass 59.00 200 80 
Савзоо. Leaded naval brass 60.00 135 0.78 80 
C4820... Medium-lewded naval brass 60.5 07 0.8 50 
654400, Free-cutting phosphor bronze 88.00 4.00 4.00 90 
Сэвх Architectural bronze 5700 3.00 m 90 
Сз Leaded commercial bronze - 19 80 
Сэ... Leaded commercial bronze-nickel П [К] 80 
62300. Aluminum bronze 87 G Fe) р je 
C&2400. . Aluminum bronze 86 (3 Fe) 
CERDO.. Coronze 95 40.4 Соу 
C6200, . Aluminum bronze E 40.4 Co) 
CTEQ. ..... Leaded nickel silver 65 8 en 
Group 2: moderately machinable alloys 
C1900. . High-copper alloy 1а 005 (0.1 Fe) . 
C22600 Jewelry bronze : e 1 3 
C42500. Tin brass 2.00 30 
C23000 Red brass, 85% T 30 
C24000. Low brass, 80% 30 
C26000. Cartridge brass. 70% 30 
€26800, C27000 Yellow brass 30 
C28000. Muntz metal e 40 
CA4300-CA4800 - Inhibited admiralty 1.00 30 
C46400-C46700 . Naval brass 075 30 
CoS100, Lowesilicon bronze (В) (1.50 Si) E 30 
CO5500, High-silicon bronze (А) 3.00 Si) : 30 
Ce?s00 Manganese bronze (A) (0.10 May 9.0) 01.40 Fe) 1.00 EJ 
61300 Aluminum bronze (7 AD Н (2.7 Fo) 03 ] 
C6180, Aluminum bronze (9.8 AD (10 Fe) : E 
Сло Nickel-aluminum bronze 5 OA (30Ге) 30 
C66100. Leaded silicon bronze (D) 10.4 Pb. 1.5 Mn. 1.5 Zn. 3 50 60 
00 Tin brass 18.1 В 09 30 

Сен? Aluminum brass 2050 (200 AD 30 
Свод). Silicon red brass + 14.50 (4050 30 
С77000....... I. Nickel silver 18.00 27.00 : 60 
Group 3: difficult-to-machine alloys 
€10100-C10800 , Oxygen-free copper 99.904 20 
CHO. инин Electrolytic tough pitch copper 99.904- - 20 
CH300-CTIGQ0 Silver-bearing electrolytic tough pitch copper 99.96 (including 0.4 Ag) 20 
C12200....... Phosphorus-deoxidized copper 99901 (0.02 P) 20 
€12500-€ 13000 Fire-refined electrolytic tough pitch copper 99.88 1 - 20 
16200. . Cadium copper 98.78 20 
CI6500. .. 9938 ` 1 0.60 20 
CITOQO. .. Beryllium copper 98.00 (6.3 Co) (1.7 Bed 20 
CIT290.... Beryllium copper 97.80 ` (19 Bed 20 
17500, . Low-beryllium copper 97.50 2.5 Co) (0.5 Be) Ue 
CI8200-C 18500 Chrome copper 97.75+ (04-12 Cr) 20 
Сөз... Strescon 97.00 (0.8 Co) (SF) — (1 P) 06 20 
C4110... Lubaloy 95.00 ` 3.00 2.00 20 
C21000, Gilding, 95% 95.00 5.00 20 
CRD NNNM Commercial bronze. 90% 90.00 10.00 20 
€50500. CS1000. C5100, 

€52100, C52400 Phosphor bronze (0.03-0.35 P) 13-10 20 
60800, Col000. . Aluminum bronze (5-8 Al) ` » 
C62500. й Ampco 21. Wearite 4-13 (4.3 Fe) (13 AD 20 
Cel400. Aluminum bronze (D) (7.00 Al, 2.00 Fe) 20 
COB8OO, .- Alcoloy (0.4 Co) 2130 GAAN 
C70600. . Copper nickel, 10% 10.00 (0:30 Fe) - E] 
©7150... Copper nickel. 30% 30.00 d 0 
C74500. . Nickel silver, 65-10 10.00 25.00 20 
С75200. .. Nickel silver. 65-18 18.00 17.00 20 
C7540... Nickel silver, 65-15 00 20.00 20 
CISTIO... Nickel silver. 65-12 00 200 20 
C000... Copper nickel .00 ` 20 
©7250... Copper nickel, tin-bearing 5 23 20 


(a) Approximate relative machinability rating (Iree-cutting brass - 100) 
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Table 2 Compositions and machinability ratings of copper casting alloys 


















































Alloy No. Alloy name. Cu Za al Others Muchinabitity(ay 
Group 1: free-cutting alloys 
C8300,...... Leaded red brass. 90 0.2 0.5 10 жа ibid Ы 90 
С8360)....... Leaded red brass 85 so 50 5 es ee z 90 
83800 Leaded red brass. 8з 40 — 60 Т ee ee 90 
C8420 Leaded semi-red brass 80 50 25 B : : 90 
C8400 - Leaded semi-red brass 81 30 70 9 es e 90 
Св. ~ Leaded semi-red brass 76 30 60 15 EE e 
C85200, Leaded yellow brass т 10 30 25 ` : . 80 
85400, + Leaded yellow brass 67 10 30 29 : - ` 80 
C8500 -.. Leaded yellow brass. ы 0.2 02 EJ y * 80 
C85700, C85800 . . Leaded yellow brass 63 10 00 35 E e G 80 
C8640. K + Manganese bronze 59 1o 10 38 eo 07% 1.25 Fe, 0.5 Mn 605) 
C86700 sess. Manganese bronze 57 15 10 34 - 2% 2.0 Fe, 2.25 Mn ee 
СТ. .................. Silicon brass 63+ 025 025 3 : 1.0 Si 
C92800. .................. Leaded tin bronze 80 16 5 0.8 ve - 
C93200. ........ High-leaded tin bronze 8з 7 7 3 OS max c - 70 
C93400, C93500 High-leaded tin bronze. 83-85 s 49 08-1 + ee ` 70 
C93700-C93900 .. High-leaded tin bronze 78-80 10-6 10-15 07-L5 max : 80 
C95300........ ‚ Aluminum bronze 89 - : et 10 550) 
C95400 Aluminum bronze 85 = EE - L п 60) 
C95600 Silicon aluminum bronze. 8% - - Le 025 1 50) 
Сәл Leaded nickel brass 56 2 10 2 e 70 
C97400 Leaded nickel brass 60 3 5 16 16 
C9760 Leaded nickel bronze 64 4 4 8 20 . 
€97800, Leaded nickel bronze 66.5 5 15 2 25 e 600) 
Group 2: moderately machinable alloys 
CBI, .................. Beryllium copper 94.2 min 09 : 1.0 Ag, 0.4 Be 
Сї?!0................... Beryllium copper 95.5 min : U 09 U 0.6 Be, 0.9 Be 
C8300... Leaded red brass 93 15 3 4 d x De 
C86100, CH6200 . Manganese bronze ы = : 24 5 3 Fe, 4 Mn 30 

‚ Manganese bronze 57 10 39 : 1 13 Fe, 0.5 Mn 26 

< Manganese bronze 54 10 e M 3.25 2 1.75 Fe, 3.25 Mn 

1.0-5.0 Si, 2.5 max Fe, 

‚ Silicon bronze $9 min 1.0 тах 0.5тах 5.0 max De d$ тах 1.5 max Mn 50 

» Silicon bronze 79 min 1.0 м ` es 
CH7500. C87600, C87800 ... Silicon brass 79-88 min 0.5-0.15 ц 0.5-0.15 50 
Соз. 4 Tin bronze 88 s : 4 e e 30 
€90500. © Tin bronze 88 0 E 2 30 
C92200. ss» Navy M bronze 88 6 15 45 E D 
C92300 ‚ Navy G bronze 87 s 10 40 e 40 
Сөз Leaded tin bronze. 87 и 10 1 30 
Сөз. Leaded tin bronze 87 10 10 20 - 40 
C92700 -- Leaded tin bronze 88 0 20 45 
C94700, vee Nickel-tin bronze 88-86 5 E 2 ] : De 
C95200 т +. Aluminum bronze 88 - - EE р 9 3 Fe 20 
C958(0. ...... Aluminum bronze E E ` 4 п 4 Fe 50 
С9570Ю. . loss. Manganese aluminum bronze — 75 es р 2 8 3 Fe, 12 Mn 50 
C9580....., 220. Propeller bronze 2 ee - - 4 9 4 Fe, | Mn 50 
Group 3: difficult-to-machine alloys 
C8OIQQ-CRI OO ... Copper 99+ „= fat. 10 
81300, C81400 ........... Beryllium copper 98.5 min. EE E - 0.02-0.1 Ве 30tc) 
©її5ө0................... Chromium copper 99 ` : E e 1Cr 20 
CHINO. 200200. Beryllium copper 97 e : + 15 Co, 1 Ag, 04 Be 30) 
C8200. Beryllium copper 97 - - Le E a 2.5 Co, 0.5 Be эйс) 
C200... .... Beryllium copper 98 E : L5 U 0.5 Be эйс) 
СЕА... и ... Beryllium copper 98 E ED 0.3 Co, 1.7 Be 3009) 
C8250 Beryllium copper 97.2 0.5 Co, 0.25 Si, 2 Be 30) 
С82600................... Beryllium copper 97 ] : 0.5 Со, 2.4 Be 30) 
Сют) iossssssss. Beryllium copper 96 125 ` 0.15 Si, 2.45 Be EE 
Сююв Beryllium copper 96.6 ` ++ 05 Co, 0.3 Si, 2.6 Be 39) 
CB6300. sss Manganese bronze ы e E - 3 3 Fe. 4 Mn 8 
Соо. . nosse Tin bronze 92 67 0з os Е 
C90700, C90900 ........... Tin bronze 87 n Ue EE EE ` : 20 
C91000, C91 100 . Tin bronze BS 15 * * ere cd 20 
C91300. eem -.. Tin bronze 81 19 m. M * = 
C91600, C91700 -.. Tin bronze 87.5-85.5 11-1 1.5 or 
C96200. scenes Copper nickel 86 e 10 : 1.5 Fe, 1.5 Mn, 1 Nb. De 
C9640. Copper nickel 70 30 : 20 
C96600. . Beryllium cupro-nickel 69.5 z Ger "эт 30 з 0.5 Ве 40е) 
C9300 Incrament 800 7 15 п 1.5 Со, 0.5 Fe wr 








rating is expressed usa percentage of the machinability ef C36000, free-cuting brass, The rating is based on relative speed for equivalent tool fe. (b) Alley has a moderate machinabiy 
rating, but is grouped with the speeds and feeds of the free-cutting alloys. (с) Machinability of 30 with TBOO temper от as-cast, Machinability rating of 40 with TFO0 temper. (d) Machinability of 30 with ТВОЮ 
temper or as-cast. Machinability rating of 10 to 20 with TFOO temper or cast and aged. (е) TFOO temper 
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Fig. 1 Effect of copper content on the machinability 
9- ! of free-cutting a-B alloys 
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Fig. 4 fet of tin content on the machinability of 
9. $ ra commercial bronze (machinabi 
scole nonstandar 





praisal was the number of turns of a drill 
under constant load required to penetrate 6 
mm (0.25 in.) into the alloy indicated. For 
both elements, the number of turns dropped 
abruptly with small additions and then more 
gradually as increased amounts were added. 
There is no significant advantage in adding 
more than 0.5% of either of these elements 
due to the accompanying loss of electrical 
conductivity. 

Zinc. The hardness of a-brass increas: 
with the addition of zinc up to the limit of a 
solubility, about 37% Zn. In lead-free brasses, 
increases in zinc content from 0 to 30% im- 
prove the machinability rating from 20 to 30. 

Tin. Figure 4 shows the effect of tin 
content (up to 1.8%) in leaded commercial 
bronze (nominal composition: 89Си- 
9.25Zn-1.75Pb) in drilling, sawing, and mill- 
ing. The dashed curve shows the average 
effect of tin. 

Iron. In drilling, sawing, and milling tests, 
1.6% Fe in leaded commercial bronze was 
found to decrease machinability by about 
10%. 
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Fig. 7 Temperature distribution in high-speed steel tools in cutting 60/40 

9. 7 proximity of the high-temperature region to the edge 

cemented carbide tools of the appropriate composition. Machining conditions of the 
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Fig. 5 Elect of cold work on the machinabiliy of 
J. 5 free-cutting brass (machinability scale non- 
standard) 


Effect of Cold Work 


The adverse effect of cold work on the 
machinability of a typical free-cutting brass 
(Zn-62.3Cu-3.5Pb) is shown in Fig. 5. The 
70% reduction by cold drawing indicated is 
well beyond the 25% maximum cold reduc- 
tion normally given leaded brass bars of 
most sizes. 

In drilling tests on a typical free-cutting 
brass rod to determine the effect of cold 
work on machinability, the torque devel- 
oped by a 6 mm (V in.) drill in penetrating 
alloys of four different tempers was record- 
ed and is plotted in Fig. 6. The alloys were 
drilled to a depth of 25 mm (1 in.) under à 
wide range of axial loads. The lower curve 
in Fig. 6 shows the torque used to drill the 
low-strength rod to be about 50% of that to 
drill the high-strength rod, while the upper 
curve shows only about 15% difference 
caused by cold work. In all tests, the torque 
developed increased the tensile 
strength of the alloy being drilled. In eval- 
uating these drilling tests, it was concluded 
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cutting the reason aluminum 


mmrev (0.010 in./rev); cutting speeds: (a) 120 m/min (400 sfm). (b) 120 m/min (400 sfm). (с) 125 m/min (410 sfm) 
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Fig. 6 Ef of cold work (as measured by tensile 
19. Ө strength) on the drillability (torque and time 
to penetrate) of free-cutting bross 


that high tool pressures and high cutting 
speeds could offset the effects of cold work. 


Cutting Fluid 


Some machining of copper alloys is done 
dry, but the use of a cutting fluid invariably 
increases the level of possible speed and 
feed, increases productivity, improves sur- 
face finish, enhances accuracy, and length- 
ens tool life. Unless otherwise noted, the 
speeds and feeds shown in tables through- 
out this article are based on the use of 
water-soluble oil as the cutting fluid. For 
most operations, water-soluble oil (20 parts 
water to 1 part oil) is adequate as an anti- 
weld agent, especially for the group 1 al- 
loys. When machining group 2 and 3 alloys 
(more stringy chips) or when a very fine 
surface finish is required. results can be 
improved by using a light mineral oil, or 
mineral oil containing 5 to 20% lard oil. The 
higher content of lard oil is used for the 
alloys that produce extremely tough, 





le) 


brass (a), low-carbon steel (b), and CA 104 aluminum bronze (10% Al, 5% Fe, 5% Ni) (c). The 
bronzes are considered difficult to machine. This problem can be offset by using 
distributions are as follows. Depth of cut, 1.25 mm (0.05 in.); feed rate, 0.25 
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Fig. 8 Yero chip forms from the machining 


(5) 


of oxygen-free high-conductivity copper. (a) Chips from a conventional open-faced tool (25" side rake, 20° back rake, and 


а nose radius of 1.25 mm, or 0.05 in.) and о feed rate of 0.2 mm/rev (0.008 in./rev). (b) Chips from a variety of tools with chip curlers. DOC, depth of cut 


stringy chips or where finish is critical, as in 
cutting fine threads. 

Sulfurized, chlorinated, or sulfochlori- 
nated oil is sometimes used as a cutting 
fluid, particularly for machining copper al- 
loys that contain substantial amounts of 
nickel. When sulfurized or chlorinated oil is 
used for machining any copper alloy, the 
workpieces should be cleaned immediately 
after machining to prevent staining. If the 
workpieces do become stained, the discol- 
oration can be removed by immersing them 
for 20 min in a solution of 10% sodium 
cyanide in water. 


Turning 


Because of the wide variation in machin- 
ing characteristics among the various cop- 
pers and copper alloys, tool design, as well 
as speed and feed, must be varied for best 
results. Both high-speed steel and carbide 
are used as tool materials in the turning of 
copper alloys. However, with the aluminum 
and silicon bronzes, the heat produced dur- 
ing cutting is generated much closer to the 
cutting edge (Fig. 7), where the stress due to 
the cutting force is greatest. As a result, 
cemented carbide tools are preferred to 
high-speed steel tools when machining alu- 
minum bronze. The most suitable cemented 
carbide tool material for machining alumi- 





num bronze is one containing fine-grain (0.8 
шт) tungsten carbide in a matrix of 10% Co 
(Ref 1). 

Polycrystalline diamond is also used as a 
tool material in the turning of copper alloys. 
The article **Ultrahard Tool Materials” in 
this Volume describes diamond tools in 
more detail. 

Chip Breaking. Group 3 alloys can ex- 
hibit the free-m; ing characteristic of 
short, broken chips when the following con- 
ditions are met: 





* An exit angle (the angle between the chip 
and the bar axis) of 20 to 60° 

* A suitable chip curler on the tool that 
prevents the chip from reverting to a flat, 
continuous strip (Fig. 8) 


By selecting the correct land width of the 
chip curler (as discussed below), even oxy- 
gen-free high-conductivity (OFHC) copper 
can be machined without difficulty (Ref 2). 

Successful chip breaking requires an exit 
angle of 20 to 60°, which is influenced by a 
variety of machining parameters, as shown 
in Fig. 9 for electrolytic tough pitch (ETP) 
and oxygen-free (OF) coppers. Assuming 
an exit angle of 20 to 60° and a tool with a 
20* side rake and a 20^ back rake, the 
appropriate land width of a chip curler for 
OFHC copper can be obtained from the 
diagram shown in Fig. 10. This type of chip 


curler is also successful in the chip breaking 
of ETP copper (Fig. 11). 

Other materials in group 3 with chip- 
breaking difficulties can be successfully ma- 
chined with chip curlers. Work on unleaded 
60/40 brass has shown that the best chip- 
breaking behavior is given by cemented 
carbide inserts with the geometry shown in 
Fig. 12. 

Single-Point Turning. Zero to moderate 
rake angles are recommended for group 1 
alloys to reduce the probability that the tool 
will plow into the work. Rake angles are 
increased for turning alloys of groups 2 and 
3 to provide a free flow of chips. Table 3 
lists tool angles for turning copper alloys. 
The previous discussion on chip breaking 
also appl 

The speeds given in Table 4 are intended 
as starting points in establishing proce- 
dures. In many cases, speeds can be in- 
creased with experience. 

Form Turning. Both circular and dovetail 
form tools are used for turning copper and 
copper alloys; selection. depends on the 
same factors that influence the choice in the 
form turning of steel. Numerical control and 
computer numerical control systems also 
allow the machining of forms with single- 
point turning. Form tools for turning copper 
alloys are shown in Fig. 13(a); speeds and 
feeds, in Table 5. 
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Fig. 9 feremeterscfecing the exit angle in the machining of ETP and OF coppers with high-speed stee! tools. (a) Effect of depth of cut on exit angle for ETP and OF coppers. 
8. 9 esse ale 6° back rake angle, Ov side cutting edge angle, O°; nose radius, 0.125 mm (0.005 in.) feed, 0.2 mmlrev (0.008 in./rev), speed, 130 min (500 
sim). (b) Effect of feed on exit angle for ETP ond OF coppers. Side rake angle, 6°; back rake angle, 0°; side cutting edge angle, 0°; nose radius, 0.125 me (0.005 in.); depth 
See f nen (0.06 in); speed, 150 m/min (500 sim). (c) Effect of nose radius and feed on exit ongle for copper. Side rake angle, 6'; bock rake angle 07 side curing 
ne 0" depth of cut, 1.3 mm (0.06 in.) speed, 150 тутп (500 sim). (d) Effect of ide cutting edge angle on exit angle for OF copper. Side rake angle 6°, back rake angle, 
ые годы 0.125 mm (0.005 in.) depth of cut, 1.5 mm (0.06 in.); speed, 50 m/min (165 stm). (e) Effect of side rake and back rake angles on exit angle for 0.1 end 0.3 
үле (0.004 ond 0.012 in.irey) feed for OF copper. Side rake angles, 6, 25, and 45° for O° back rake angle; back rake angles, 0, 13, and 20) for 6° side rake angle; side 
cutting edge angle, 0°; nose radius, 0.125 mm (0.005 in.); depth of cut, 1.5 mm (0.06 in.); speed, 50 m/min (164 stm). (f) Effect of depth of cut (bar diameters of 30 and 100 
соо eO" md 4 in.) on the exit angle for OF copper. Side rake angles, 6 ond 45°; back rake angle, 0°; side cutting edge angle, 0°; nose radius, 0.125 mm (0.005 in.) feed, 
0.2 mm/rev (0.008 in./rev); speed, 50 m/min (165 sfm) 











Cutoff tool designs for turning copper 









05 
alloys are shown in Fig. 13(b); feeds and 
speeds, in Table 6. 
3 03% Side > back 
8 таке, degrees 
i Boring 
= ws Techniques used for the boring of copper 
в alloys do not differ greatly from those used 
0125 for the boring of ferrous metals. Recom- 
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Fig. ТО Tte cppropricte land width ofthe chip breaker is determined оз follows, Drow a line horizontally from 

g. the desired feed rote to intercept the value of side cutting edge angle, for example, O°. Project down урен 
vertically to meet the cutting speed selected; horizontolly to the depth of cut used, for example, 4 mm (0.16 in.); up Planing 
to the nose radius volue used, 0.5 mm (0.02 іп.) across to the product of side X back rake, 400; then down to intercept чи" > 
the land width line. Lastly, project across to read off the value of lond width, 3.75 mm (0.15 in.). This gives the best Although planing is not used extensively 
chip control for these cutting conditions, as shown in Fig. 11 on copper alloys, it may be preferred for 








Overhead view of chip curler tool promot- 
ing chip breaking with ETP copper 


Fig. 11 


some machining, such as on large workpieces 
or when quantity requirements are too small 
to justify the cost of a milling cutter. Tech- 
niques for planing other metals are generally 
applicable to planing copper allovs. Tool an- 
gles for high-speed steel and carbide planer 
tools are essentially the same as those for 
single-point turning (Table 3). Speeds for the 
rough and finish planing of copper alloys are. 
given in Table 8. Recommendations of speeds 
and feeds for planing hard and soft bronzes at 
depths of cut different from those in Table 8 
are given in Table | in the article “Planing” in 
this Volume. 











Internal broaching has been used to cut 
narrow grooves in copper electrical fittings 
and to cut square and hexagonal shapes for 
valve and plumbing fittings. External 
broaching has been used in the manufacture 
of electric breaker arms. Sometimes 
broaching is one of a sequence of opera- 
tions. Face and clearance angles for broach- 
ing copper alloys are given in Table 9: 
speeds, in Table 10. 





For drilling copper alloys of groups | and 
2, the included angle of the drill point is 
118°, with 12 to 15° lip clearance (Fig. 14). 
For group 3 alloys, the included angle is 100 
to 110° (for pure copper, smaller angles are 
sometimes used), and the lip clearance is 12 
to 20°. Flat and straight-flute drills with no 
rake angle are sometimes used for the free- 
machining alloys in group 1, but a slow 
spiral drill with a helix angle of 10 to 22° is 
preferred for the deep-hole drilling of alloys 
in groups | and 2. For drilling group 3 
alloys, drills with a greater helix angle (usu- 
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Fi 12 Profile of SNMG-61 chip-breaker groove 
g. found to be the best commercially avail- 
able cemented carbide too! style for the chip breoking of 
unleaded 60/40 brass. Dimensions given in millimeters 


ally about 40°) are generally preferred. The 
greater angle is helpful in removing chips 
from deep holes. When drilling the group 3 
alloys, it is sometimes helpful to notch the 
cutting edge, which splits the chips. Pol- 
ished flutes are recommended for drilling 
copper and other tough group 3 alloys. One 
application for which drills with a high helix 
angle (fast spiral) were appropriate is de- 
scribed in the example that follows. 

Example 1: Effect of Drill Geometry in 
Drilling Blind Holes in OFHC Cold-Drawn 
Copper. High-speed steel drills (M2: 12 
mm, or 2 in., in diameter) were used to 
produce a series of 10 holes, 50 mm (2 in.) 
deep. in blocks of cold-drawn OF copper at 
650 rev/min and 0.2 mm/rev (0.008 in./rev) 
using an M2 cutting fluid (Ref 2). The drill 
geometry is given in Table 11. 

The high-helix drill started by producing 
broken chips. which became long and con- 














Table 3 Design of single-point 
tools for turning copper alloys 


Alloys machined 
Group! Group? Group 3 





Angle 





High-speed steel wols 

















Back rake, degrees 0 5-10 10-20 
Side rake. degrees. oa 5-0 2030 
End relief, degrees 6 6-15 10-15 
Side relicf. degrees OS 5-10 10-20 
Find cutting edge. degrees..., BIS 815 8-15 
Side cutting edge, degrees... 10-15 10-15. 15 
Carbide tools 
Back rake. degrees 0 бз 48 
Side rake, degrees. 26 48 15 
46 48 7-0 
46h 4k 7-0 
Biso KIS RIS 
Side cutting edge, degrees... 10-15 1015 10-15 





tinuous chips as cutting progressed, but this 
was remedied by reducing the feed. This 
chip-breaking effect with reduced feed was 
not seen with the other drills. The jobber 
drill, both types of low-helix drill, and the 
deep-hole drill produced long continuous 
chips, which could be broken only by ex- 
ternal interference. The chips produced by 
the jobber and low-helix drills were thicker 
than those produced by the deep-hole and 
high-helix drills, the latter producing the 
thinnest chips. 

Examination of the holes showed that 
during the early stages of cutting, the jobber 
drill produced a helical pattern in the hole 
surface that disappeared as cutting pro- 
gressed, resulting in a clean hole apart from 
occasional areas of pickup and smearing. 
The helical pattern arose from the drilling of. 








Table 4 Nominal speeds for the turning of wrought and cast copper 


alloys with single-point and box tools 





үүн 


Speed, mimin (sfm) 




















Carbide Carbide 
Alloy group. Condition Hardness, HRB steel бома! (brazediíb» indexable) Diamond 
Roughing(c) 

1 (Table 1) Annealed — 10-70 100 (338) 230 (750 — 260 (860) — 230-460 (750-1500) 

2 Annealed 10-70 69 (225) 1554510) — 175 (580) — 150-305 (500-1000) 

S svi Annealed 10-70 27490 640210) 700230) 120-245 (400-800) 

1 (Table D) .... Cold drawn 60-100 1204390) 270 (80) А05 1000) 305-550 (1000-1800) 
2 уз. Cold drawn 60-100 7e(250) 170 (560) 1904625) 215-365 (700-1200) 

3 Cold drawn 60-100 ido» 69 76 (250) 185-305 (600-1000) 

1 (Table 2) Ascast 40-150 HB (500 kg) 100 (335) 2301750) — 260 (860) 150-305 (500-1000) 

2 As-cast — 40-175 НВ (S00 kg) — 69.(225) 155 (5105 175 (580) 120-245 (400-800) 

3 . Ascast 40-200 HB (500kg 27/90) — 641200) — 700230) 90-150 (300-500) 
Finishingid) 

l Table D)... Annealed — 10-70 145 (480) 295 (960) — 338 41100) 760-1370 (2500-4500) 
2.2.5... Annealed 10-70 1004325} 2001680) 2300750) — 610-1220 (2000-4000) 
Xs -... Annealed 10-70 40-0130) 84.275) 900300) — 460-915 (1500-3000) 
1 (Table 0) .... Cold drawn 60-100 1754575) MAS (1025) 395 (1300) 855-1460 (2800-4800) 
г e Cold drawn 60-100 110360) 220 (725) 250 (825) — 670-1280 (22004200) 
Bins Cold drawn 60-100 46 (150) 87 QNS) 1000325) 520-975 (1700-3200) 
1 (Table 2)... As-cast 40-100 HB (500 kg) 145 (480) 295 (9600 395 (1100) 610-1220 (2000-4000) 
2 40-100 НВ (S00 kg) 100 (325) 2004650) 2300750) 460-915 (1500-3000) 
E 40-100 НВ (500 kg — 40 (130) 90 (300) — 305—760 (1000-2500) 








(a) Tool grade S4, 55 (M2. M3). (b) Carbide grade K20. M20. (C-2) for roughing operations and carbide grade KOI, MIO. (C-3) for 





finishing operations. (c) Depth of cut 
tools, Roughing feed rates are 0.5 mr 





rev (0.020 in rev) for hi 


125.32 mm (0.05-0.125 in. for diamond tools and К mm (0-3 in.) for high-speed steel und carbide 
speed steel tools, 0,75 mmirey 0.03 in./rev) for carbide tools, and 0.3- 


0.5 mmirey (0.012-0.020 in./rev) for diamond tools. (d) Depth of cut is 0.11-0.4 mm (0.005 0.15 in. for diamond and 1 mm (0.04 in. for 
high-speed steel and carbide tools. Finishing [eed rates are 0.075-0, 15 mavrev 10.003-4.006 in. rev) for diamond and 0. 18 mmirev (0.007 
in rev) for high-speed steel and carbide tools. Source: Metcut Research Associates Inc. 
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greater clearance of the deep-hole drill chis- 
cl edge corner and because reduction of the 
chisel edge length reduced the tendency of 
the swarf to snag the surface of the hole. 
Consequently, if chip disposal is important 
and surface finish is not, the high-helix drill 
should be used; conversely, the deep-hole 


For alloys in group! For alloys in group 2 For olloys in group 3 
(a) (b) 


Fig. 13 Design of form tools (o) ond cutoff tools (b) for turning copper and copper alloys 


Table 5 Nominal speeds and feeds for the turning of copper 


alloys with form tools 

















drill should be used. 


Alloy Mardacgs. — Speed Feed, mmirev (in./rev), for tonl width of: — — еа T 
group Condition Tan Savi ома 53 mm (0.500 in.) 25 men (1.000 in Sacer] hc least amount of oversizing бйле 
with the low-helix (90° point angle) drill, 
High-speed steel tools which produced a hole having a poor surface 
1 Annealed 20-70 90 — XQ 0.075 (0.003) 0.05 (0.002) oos оооу finish but without the helical pattern. Howev- 
2 . Annealed 20-70 62 208 0.05 (0,002) 0.05 (0.002) 0.025 (0.001) cr. hole accuracy is extremely dependent on 
3 Annealed 20-70 23 75 0.05 (0.002) 0.05 (0.002) 0.025 (0.001) the symmetry of the drill point and is altered 
1 Cold drawn 60-100 10 360 0075 (0.003) 0.05 (0.002) 0.025 (0.001) 7 y ip height a ue 
2 Cold drawn — 60-100 ө 225 0.050.002) 0.05 (0.002) 0003 0000 PY va ug peen ий We i 
3 Cold drawn — 60-100 n B0 005 (0.002) 0.05 (0.002) 0:025 0000) ЧУ of the drill. The jobber, deep-ho’e, d 
баъде ыз. low-helix (118°) drills had to penetrate а suf- 
i Ё — nee 3 Gm EROS "m — ficient depth into the hole for the lands to 
- тпеа!е‹ 20-70 183 18 (0.007) .13 (4 ) 475 (0.003) SI c dril sulting i seurat’ 
2 1 Annealed 20-70 ns ао 0.18 (0.007) 0.13 (0.005) 0.075 (0.003) support the aral Festi теши 
3 Annealed 20-70 Te 10 0064 (0005) 0.06 (0.0025) 0.03 0.0015) With increasing depth. — 
1 Colddrawn — 60-100 — 213 — 700 0.1 (0.007) 0.13 10.005) 0.075 (0.003) Speeds and feeds for drilling the three 
2 -Cold drawn 60-100 137 450 — 0.18 (0.007) 0.13 (0.005) 0.075 (0.003) groups of copper alloys are given in Tables 
dos Cold drawn 60-100 52170 0:06: (0.0025) 0.064 (0.0025) 0.038 (0.0015) — |2 and 13. 





Source: Metcut Research Associates Inc. 





Table 6 Nominal speeds and feeds for the turning of copper alloys with 


cutoff tools 























Type of machine or method of fixturing 
can contribute markedly to drilling efficien- 
cy. Mainly because of the shapes and sizes 
of workpieces commonly made from copper 
alloys, machines capable of performing sev- 


ч Hurdness, — [— Speed —ү — Feed, mm/rey (in.'rev), for tool width of: - | eral operations consecutively or simultanc- 
Alloy group. Condition. HRB mímin чт .6 mm (0.062 in.) — 3.2 тт (0.125 in.) 6.4 mm (0.250 in.) ously are often used. 

High-speed steel toals 

Ties «Annealed 20-70 90 3€ — 0.1 (0.004) 0.13 (0.005) oso  XReaming 

2 ...Annealed 20-70 62 205 0.1 (0.004) 0.13 (0.005) 0.15 (0.006) " „ү 

3 1 Annealed 20-70 эз 075 005002) 0.05 (0.002) 0.09 (0.0035) Nominal fceds and speeds for the reaming 
1 Cold drawn 60-100 uo 360 0.1(0.004) 0.13 (0.005) 0.15 (0.006) of copper alloys are given in Table 14. 
da Co drawn 60100 — 69 225 0.1 (0.004) 0.13 (0.005) 0.15 0.0060 Reamers for finishing holes in copper alloy 
Зз. Cold drawn 60-100 24 — 80 0.05 (0.002) 0.05 (0.002) 049 (04035) — parts should have a right-hand spiral with 
Carbide tools positive-rake flutes. Polished cutting edges 
[EST Annealed 20-70 183 600 — 0.13 (0.005) 5 (0.006) 0.18 (0.007) produce optimum results, especially on al- 
2 Annealed 20-70 125 40 0.13 (0.005) 0.15 (0.006) 14.000 Joys that machine with stringy chips. Ream- 
3 Annealed 20-70 46 150 0.065 (0.0025) 0.09 (0.0035) 11 (0.0045) thins ЯЕ blades а 

1. “Cold drawn 60-100 215 700 0.13 (0.005) 0.15 (0.006) 0а (0.00) CIS with асе qiue blades are best for 
2 {Cold drawn 60-100 137 450 — 0.13 (0.005) 0.15 (0.006) 0.18(60905 Copper alloys, but they are more expensive 
3 Cold drawn —— 60-100 52 170 0.65 (0.0025) 0.09 (0.0035) 0.11 (0.0045) than high-speed steel reamers, particularly 


Source: Metcut Research Associates Ine 





in the smaller sizes, and therefore are usu- 
ally used only in mass production. Reamer 
design is often altered to improve results, as 


in the following example. 

Example 2: Revised Reamer Design to 
Meet Close Tolerances. Close tolerance 
(50.01 mm, ог 50.0005 in.) was specified 


the entire length of the hole, which also had 
an extremely poor surface due to pickup 
and smearing. The cleanest hole was pro- 
duced by the deep-hole drill because of the 


an oversize hole, with the oversize decrcas- 
ing as the drill penetrated the hole. With the 
high-helix and low-helix (118° point angle) 
drills, the helical formation persisted over 
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Table 7 Nominal speeds and feeds for the boring of wrought and cast 


copper alloys 
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Table 8 Nominal speeds for the 
planing of copper alloys 


























Speed, m/min (sfm) PEUT ET Hard- Speed, mimin istm} 

Alloy group Condition Hardness, HRR оона) (brazedib) (indexable) Diamond group Condition HRE steel tools tools 
Roughing(c) Rough planing(a) 
1(ТаМе 1)... Annealed © 10-70 100 (320) 1704550) — 200 (650) эз» l sAn 20-70) — 35080) ЗОШ 
LM . Annealed — 10-70 67 (220) 1054580) 1370450) 245 (800) 2 мим Жи 370200 0800 
3 s Annealed — 10-70 27 (900 46 (150) 53 (175) 150 4500) Annealed 00. D 0 
1 (Table D... Cold drawn 60-100 117 (385) 20046500 — 235 0775) 365020 1 Cold drawn: 0100 6000) — 90 00 
2 Cold drawn 60-100 7) 0240) 123 (405) 145 (475) 305 (1000) Cok mum. (601100. SC ШШ 
З 22 Cold drawn 60-100 30 (100) 49 (160) 5$ (190) 245 (800) se. Cold drawn 60-100 18060) 764250) 
1 (Table D.. As-cast 40-150 HB (500 kg) 100 (320) 170 (550) 200 (650) 245 (800) Finish planing(b) 
2. sess Аксам 40-175 HB (500 kg) 67 (220) 115 (375) 134 (440) 120400 у Annealed — 20-70 670220) 900300 

» 5 x Anne: 2i 221 300) 
3 AS cast 40-200 HB (500 kg) 27 (90) 46 (450) 53 (175) 120 (400) 2. . Annealed 20-70 49 (160) — 90 (300 
Finishing(d) 3 Annealed — 20-70 21070) 760250) 

‘old drawn 6 217 E 

1 (Table 1) 10-20 145 (480) — 250025) — 295 (970) 915.3000) } Сом inem 0000 E ED 
2 oe 10-70 100 (325) 170 (550) 200 (650) 760 Qs) 5 Cold drawn 60-100 23075) 760250) 
3 . ‚ Annealed 10-70 40 (130) 67 (220) 79 (260) 520 (1700) e = ж 
L(Tabie Т)... Cold drawn 60-100 1734575) 2900950) — 345 1125) 10203500) — (21 Depth of cut. 13 mm (0.500 іо: feed, 1.5 mmistroke (0.060 n 
2 22 Cold drawn 60-100 110360) 185610) — 220220) 9р9 (Зо) eee ay ceu as О Мн паа А ee 
3. ^. Cold drawn — 60-100 46 (150) 73 (240) 85 (280) 670 (2200) utes Inc 
1 (Table 2) .. As-cast 40-150 HB (500 kg) 145 (480) 250 (825) 295 (970) 760 (2500) 
26 €: As-cust 30-175 HB (500 kg) 100 (325) 170 (555) 200 (655) 365 (1200) 
3 As-cast 40-200 HB (500 Ky) 40 (130) 67 (220) 79 (260) 520 (1700) 
{a) Tool grade S4, SS (M2. M3), ib) Carbide grade K20, M20, (C-2) for roughing operations and grade КОЈ, MIO, (С-З) for finishing Table 9 Tool angles for the 
perator: (C) Depth ol cut эх 2 mn W080. in 1 with diamond tools and 2.5 mm (0.1 in) with highspeed мео and camo  broaching of copper alloys 


tools. Roughing fet 





mmirev (0.0 


rates ure 0.3 mmirev 40.012 in теъ) for high-speed steel tools. 0.4 mmvrev (0.00 
@.5 mm/tev (0.012-4.02 ип. геу} for diamond tools, (db Depth of cut is 0.13-0.4 mm (0,005-0,015 in.) 
i for hgh speed steel and carbide looi, Finishing feed ratey are (752.15 mmirev (0.003 0.006 in 

3n /revi for high-speed мее and carbule tools. Source: Melcut Research Associates Inc 





v) for carbide tools, and 0.3- 
diamond tools and 0.25 mm (0.01 
м) for diamond Tools and 0.075 











on the diameter of the flat-bottom blind hole 
reamed to 19.9/19.7 mm (0.786/0.776 in.) 
depth in the alloy C37700 (45 HRB) forging 
shown at the top of Fig. 15. Parts were 
rejected because the cight-flute reamer (lower 
left, Fig. 15) originally used was forced off 
center in bottoming out, causing out- 
of-roundness at the base of the hole. 
Changing to a single-flute reamer (lower 
right. Fig. 15) and incorporating two wear 
strips to prevent the tool from being forced 
off center when bottoming out resulted in 
parts meeting the required tolerance. Both 
reamers had carbide cutting edges, and the 


Table 10 Nominal speeds and chip 
loads for the broaching of copper 
alloys with high-speed steel tools 











Speed Chip loud. 
Alloy group mimin sm mustooth in. tooth 
] 9 30 On 0.005 
2 9 30 [In 0.005 
з. 76 B ШЇ] 0.004 
Table 11 Drill geometries used in 


drilling blind holes in OFHC copper 











Lip 
Helix  Poim clearance 
angle. angle, angke, 

Drill style degrees degrees degrees 

Jobbers length E] [m B= 

High helix Gobbers length). . 39 118 

Low helix (jobbers length) .. 15 118 

15 90 
Deep hole (long series 
length) 38 па Bez 





same speed (37 m/min. or 120 sfm) and feed 
(0.13 mm/rev, or 0.005 in./rev). 


Roller Burnishing 


Bores in copper alloys are especially well 
suited to finishing by roller burnishing or 
simultaneous roller burnishing and peening. 
because copper alloys have low hardness 
and high ductility. The article "Roller Bur- 
nishing" in this Volume describes the fin- 
ishing of bores by roller peen burnishing. 


Tapping and Threading 


‘The equipment, tools, and techniques 
used for cutting internal and external 
threads in copper alloys are not greatly 
different from those used for ferrous metals. 
Straight, four-flute taps with a rake angle of 
3 to 6°: chamfer relicf angle of 10°; and 
chamfer angles of 5° on taper taps. 15^ on 
plug taps, and 30° on bottom taps are rec- 
ommended for tapping group | copper al- 
loys. For tapping group 2 and 3 alloys. 
spiral-pointed taps with two or three flutes 
are preferred. Taps for group 2 should have 
rake angles of 9 to 12°, and for group 3 rake 
angles should be 15 to 18°. For tapping 
alloys of both groups 2 and 3, taps should 
have chamfer relief angles of 12°. with 
chamfer angles of 15° on plug taps and 30° 
on bottom taps. 

General-purpose grades of high-speed 
steel such as MI. M7, and MIO are used for 
laps for copper alloys. The more highly 
alloyed grades of high-speed steel are rarely 
justified. However, the nitriding or chromi- 
um plating of taps is often advantageous, 














Alloy group Face angle, degrees Clearance angle, degrees 











especially for tapping group 2 and 3 alloys. 
One application in which surface-treated 
taps made higher speeds possible is de- 
scribed in the following example. 

Example 3: Untreated Versus Nitrided 
and Chromium-Plated Taps. In tapping 
the 54-11. UNC-2B threads in the alloy 
C61000 (aluminum bronze) connector 
sleeve shown in Fig. 16, the production rate 
was inci Ч almost 40% when taps that had 
been nitrided and flash chromium plated were 
substituted for untreated taps. This increase 
was caused mainly by the higher speed at 
which the surface-treated taps could be oper- 
ated (900 rev/min as compared to 575 rev/min 
for the untreated taps). 

The sleeves were tapped in a vertical drill 
press, under the conditions given in the 
accompanying table in Fig. 16. The operator 
inserted the square shank end of the tap into 
the rotating tap driver and held the tap until 
it started threading the workpiece, which 
was held in an air-operated chuck. As the 
tap pulled itself through, enough pressure 
applied to the handle to keep the tap 
driver engaged. The operator then retracted 
the tap driver, opened the chuck, and re- 
moved the workpiece over the shank end of 
the tap. 

Tapping Speed. Conservative speeds 
used for tapping copper alloys ai 




















нас 
ilesa (nmin Р 
1 26-30 5-100 
2 18-23 60-75 
3 12-15 40-50 
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Table 12 Nominal speeds and feeds for the di 


high-speed steel tools 





ng of copper alloys with 





Speed, mimin (sfm) - 


Feed. mires (in.irev), for nominal diameter of-— — — — — | 























Coa 6mm 3.2mm dmm Imm 9mm 25mm mm mm 
Alloy group Ammesledía) drawntb) (0.062 in.) (.125im. (0.250 in.) (0.500 in.) (0.750 in.) (1.000 in.) (1,500 in.) 42.000 in.) 
Yos 4i A 0.025 0.075 
(140) (140) (0.0001) — (0.003) 
SY e 0.10 0.20 0.30 0.46 0.50 0.56 
(175) (200) 40.004) — (0.008) — (0.012) (0.018) — (0.020) (0.022) 
Dress M M 0.025 et ++ E mE 
(100) (120) (0.0011 
37 45 0.075 0.15 0.25 0.25 0.38 0.38. 9.50 
4120) 4140) (0.003) 40.006) (0.010) (0.010) (0015) (0.015) — (0.020) 
a n 15 18 0.025 з е5 iia s ** 
(50) (60) (0.001) 
I8 2 0.075 0.10 0.20 0.25 60.30 0.38 0.50 
160) (75) 40.003) — (0.004) — (0.008) — 40.010) (0.012) (0.015) — (0.020) 
(à) 20-70 HRB, (b) 60-100 HRB, Source: Metcut Research Associates Ine 
Table 13 Nominal speeds for the gun drilling of copper alloys with 
carbide tools 
C Went, mires баео, for nominal diameter of 1 
Speed. 6.4 mm 64-13 mm 13-19 mm 19-; 25-50 
Alloy group mimin (sfm) 40,25 in.) (8.25-0.50 in.) (0.50-0.75 in.» 40.75- 11.00-2.00 in.) 
1 183 (600) 0.025 (0.0010) 0.075 (0.003) 0.13. (0.005) 0.20 (0.008) 6.25 (0.010) 
2. 1192 0900) 0.010.000) — 0.025 (0.001) 0.075 (0.003) — 0.13 (0.005) — 0.20 (0.008) 
i 1107 (350) — 0,01 0.0005) — 0.025 0.001) 0.075 (0.003) 0.13 (0.005) — 0.20 (0.008) 








Table 14 Nominal speeds and feeds for the reaming of copper alloys 


with six-flute reamers 























Speed, mimin (sfm) + 
| Anmeatestay Cold drawn) ~ [— Feed, mm/rey (in.'rev), for nominal diameter of: —1 
High-speed High-speed dimm — 64mm mm 25 имп — 3mm Gmm 
Alloy group steel Carbide steel Carbide (0.125 in.) (0.280 im.) (0.500 in.) (1.000 in.) (1.500 in.) (2.000 in.) 
1 .49 Ук 55 108 0.075 0.15 0.23 0.30 0.38 50 
(60) — (3200 A80 (360) (0.003) (0.006) — (0.009) (0.012) (0.015) — (0.020) 
2 34 76 37 м 0.075 0.15 0.23 0.30 0.38 0.50 
(10) — (50) аро (27%) (0.003) — (0,006) — (0.009) (0.012) (0.015) — (0.020) 
-15 55 Is 6l 0075 013 0.18 0.25 0.30 0.38 
(80) (1800 — (60) — (200) 00.0035) (0.005) (0.007) (0.010) (0.012) (оо 


(4720-70 HRB, (b) 60-100 HRB. Source: Metcut Research Associates Inc 





However, higher speeds are often used 
successfully (as in Example 3). Pitch of 
thread, depth of hole, and type of cutting 
fluid all influence the selection of speed. 
Speed can usually be increased as thread 
pitch becomes finer. 

The foregoing recommendations 
based on the use of water-soluble oil as the 
cutting fluid. Mineral oil with lard oil addi- 
tons will usually improve efficiency and 
thread quality in either tapping or die 
threading. 

Difficulty in disposing of chips when 
blind holes are being tapped is not unique to 
copper alloys, but because copper alloys 
produce soft chips, they are likely to pack ii 
blind holes. In some ca: chip disposal 
problems can be eliminated by converting 
blind holes into through holes. 

Cold form tapping is often more suc- 
cessful for copper alloys than for ferrous 
metals because copper alloys are softer and 
more ductile. The following example de- 
scribes an application for which the cold 
form method resulted in better efficiency in 
tapping blind holes. 





e 














Example 4: Blind Hole Tapped by Cold 
Forming. A flutcless tap in а single-spindle 
automatic lathe was used in the high-pro- 
duction cold forming of 5-40 UNC-2B 
threads in the blind hole in one end of the 
alloy C51000 (phosphor bronze) mounting 
stud shown in Fig. 17. In previous runs 
using regular taps. downtime for tool 
changes averaged 6 min per 100 pieces, and 
in a secondary process, cleaning of chips 
from the holes required 15 min per 100 
pieces. With the conditions given in the 
table accompanying Fig. 17. use of the 
fluteless tap resulted in a saving of 35 h in a 
production run of 10 000 pieces. 

Threading With Dies. When threading 
copper alloys of group | with tangential 
chasers, the rake angle should be 0 to 10° 
(positive). For threading alloys of group 2 
the rake angle should be increased to 20 to 
25^. and for threading commercially pure 
copper or other alloys of group 3 the rake 
angle should be 30 to 35° for tangential 
chasers. On circular chasers, face angles 
of 1^ to 2° are satisfactory for threading 
alloys of all three groups. The hole angle 
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(1 of 2) 




















y | | 
Original design Improved design 


Fig. 15 























Change from eight-flute reamer (bottom 
left) to single-flute reamer with wear err 
е 


(bottom right) eliminated out-of-roundness in reaming Н 
blind hole in the alloy C37700 forging shown at top. 
Dimensions given in inches 


(aluminum bronze) 





(49,005 mox 
eccentr city? 





Untreated Treated 
Condition or result(s) taps taps 





Spindle speed. 
темітіп а... 878 900 
Surface speed. 
m/min (sfm) , 
Production/h, 
pieces — 1 250 
Tool life/grind, 
pieces, 


29 (94) 45 047) 


1000 
Тар defects 





Straight-shank 
plug, modifiedtb) 

UNC2R 

(GH6) 

Number of flutes. ....4 

Rake angle Negative, 0-5" 

Overall length, 
mm (in... 

Perfect-thread 
length. mm 
tin.) 

Material 


Type 








Size.. 


213 (8%) 


40 0158) 
- High-speed steel 


ta) For both taps. feed was established by tap lead. with hand 
pressure applied only to maintain engagement of the гар driver. 
and sulfochlorinaled oil was used as the cutting fluid, (b) End was 
chamfered 45° from a 4.0 mm (%2 in.) diameter (to ensure the 
Concentricity of the first thread). beyond which point the tap had. 
Conventional plug chamfer. 








; Untreated versus nitrided ond chromium- 
Fig. 16 jii tops in tapping on alloy С61000 
connector sleeve (95 HRB). Tapping was done in a 
vertical drill press. Dimensions in figure given in inches 


02555 
0.2485] 





[5-40 UNC-28 (phosphor bronze, 
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į $ deep 5% Sn) 
кесар | 
a __ Ш 
2456 ——- 
Machine .. Single-spindle 
E oral habe (tellurium copper) dom 
Tool Fluteless tap, 3.18 
mm(oBSi)i Fig. 18 Swoged end of a spout produced from 
ieee Р copper tubing (Alloy C14500). Production 
Speed, at 3770 rev/min, time was reduced by swaging the 6 mm (72 in.) long hole 
min Gin жиз over 0.84 mm (0.033 in.) diam music wire instead of 
Cutting fu Light mineral oil producing the hole by drilling and reaming after swag- 
Setup time “oF ing. Dimensions given in inches 
Cycle time 1. 6.5 sipiece 
Production rate .............. 500 pieces/h А Р М 
MBAR rs caseras" ӨЙ stringy chips. For commercially pure cop- 
Time saved per, speeds of 5 and 12 m/min (15 and 40 


25/10 000 pieces 
10 h/10 000 pieces 
(a) Because data are for 10.000 pieces, tool life was not deter- 
mined to point of failure or regrind. The tap used maintained 


thread size, quality. and concentricity with outside diameter 
Within 0.073 mm (0.003 in.) specified, throughout the entire 


prediction run 
Fig. 17 Sold form tapping of a blind hole in on 

g. alloy C51000 mounting stud. Dimensions 
in figure given in inches 


Cleaning chips, 
Tool change downtime 











on circular chasers should be about zero 
for threading the alloys of group | (up to 5* 
negative for free-cutting brass) and 15 to 
20° positive for threading alloys of groups 
2 and 3. 

Soluble oil is often used as the cutting 
fluid for die threading. However, low-vis- 
cosity mineral oil or mineral oil with an 
addition of about 10% lard oil will usually 
give better finish and tool life, especially 
when alloys of groups 2 and 3 are being 
threaded. 

In external threading of group 1 alloys, a 
speed of 15 m/min (50 sfm) is recommended 
for cutting à 7-pitch thread, while speed 
may be about 55 m/min (180 sfm) for a 
24-pitch thread. For the same pitches, rec- 
ommended speeds are 9 and 30 m/min (30 
and 100 sfm) for alloys of group 2 and less 
for those group 3 alloys that produce less 








Table 15 No 
alloys with high-speed steel cutters 


sfm), respectively, for the 7 and 24 thread 
pitches are recommended. Speeds for 
threads of other pitches can be determined 
by interpolation. 


Multiple-Operation 
Machining 


Copper alloys, particularly the leaded al- 
loys, are especially well suited to machining 
in multiple-operation equipment such as 
turret lathes and automatic bar and chuck- 
ing machines. Moreover, because the ma- 
chining and forming characteristics of cop- 
per alloys are generally better than those of 
ferrous metals, it is often possible to use 
procedures and to incorporate operations in 
multiple-operation sequences for machining 
copper alloys that would not be practical for 
harder and less formable metals. The fol- 
lowing two examples describe procedures 
in which the ductility of copper alloys was 
used to advantage in saving time or material 
in multiple-operation machining. 

Example 5: Swaging That inated 
Drilling and Reaming. Figure 18 shows 
the swaged end of a nozzle produced in a 
turret lathe from tellurium copper tubing. 
Originally, the 6 mm (М in.) long hole was 
produced after the end had been swaged, by 











nal speeds and feeds for the peripheral milling of copper 

















Haranas Sed — LO M — р 
Alloy group Condition нв ыта ят итге inire 
Depth of cut, 3.2 mm (0.125 in.) 

1 Annealed 20-70 130 430 0.46 0.018 
2 Annealed 20-70 90 300 0.28 0.011 
3 Annealed 20-70 7 120 9.18 0.007 
! Cold drawn 60-100. 155 510 0.46 0.018 
2 we +. Cold drawn 60-100 107 350 0.28 0.011 
3 . sess Cold drawn 60-100. 43 140 9.18 0.007 
Depth of cut, 0.64 mm (0.025 in.) 

l Annealed 20-70 160 525 9.41 0.016 
2 Annealed 20-70 114 35 0.23 0.009 
3 Annealed 20-70 50 165 9.13 0.005 
1 Cold drawn 60-100 190 625 041 0.016 
2 Cold drawn. 60-100 130 45 923 0.009 
3 Cold drawn 60-100 60 200 0.13 0.005 


Source: Metcut Research Associates Inc 
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| diom 


pe 
0.260 diam 
















3 
r 
л (high-leaded 
bross) 
0.25 
diam 
D 
Collet 
- Form tool 





Trimming outside diometer ; facing 


А Spinning ond trimming that eliminated 
Fig. 19 Колу for oversize bor stock ond ma- 
terial waste by machining. Dimensions given in inches 


Posve = 
roke ange An, 


Land 0.015 10 0.030 
y Primary clearance B 





\ if side milling cutter, 
side clearance 12° on each side 


A 
Q:010" 10+» 15° 
Otoice tole 
Oloih* 5 


Grous | ailoys 
Groua 2 alloys 
Group 3 alloys 


А Recommended angles and land width for 
Fig. 20 peripheral and side milling cutters. Dimen- 
sions given in inches 









drilling to 0.74 mm (0.029 in.) diameter and 
then reaming to size. Drilling required 17 s, 
reaming 15 s. 

Drilling and reaming were eliminated by 
revising the processing so that the hole 
was formed to size during swaging by the 
use of a mandrel of 0.84 mm (0.033 in.) 
diam music wire. Insertion and removal of 
the wire required only 3 s, which resulted 
in a saving of 29 s in machining time per 
piece. The improved method also eliminat- 
ed tool and downtime costs for the drills 
and reamers. 

Example 6: Spin Flaring That Saved 
Material. Figure 19 illustrates the technique 
used in a small multiple-spindle automatic bar 
machine for providing an insert nut made 
from 5 mm (ie in.) bar stock of alloy 342 
(high-leaded brass) with one end flared to 6 
mm (4 in.) in diameter. This technique (spin- 
ning, followed by trimming and facing with a 
form tool) enabled a 43.7% savings in material 
that would have been required had the part 
been more conventionally produced by turn- 
ing 6 mm (4 in.) diam bar. 

Spinning was done with a two-lip, cam- 
ground, form-relieved tool at a speed of 23 
m/min (75 sfm) and a feed of 0.064 mm/rev 
(0.0025 in./rev), Other machining opera- 
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Table 16 Nominal speeds and feeds for the face 


with high-speed steel cutters 


and Alloys 





ing of copper alloys 




















Hardness, ‘Speed — Feed 
Moy group Condition ЕЯ farmin ы Le 
Depth of cut, 3.2 mm (0.125 in.) 
1 . Annealed 20-70 137 450 0.5 0.020 
2 2 Annealed 20-70 99 325 0.36 0.014 
3 Annealed 20-70 30 100 0.25 0.010 
Cold drawn 60-100 152 500 0.5 0.020 
Cold drawn 60-100 107 350 0.36 0.014 
4 i Cold drawn 60-100 35 ns 0.25 0.010 
Depth of cut, 0.64 mm (0.025 in.) 
ls ‚. Annealed 20-70 168 550 0.30 0.012 
2 . Annealed 2-70 130 425 0.25 0.010 
3: Annealed 20-70 40 130 0.20 0.008 
m Cold drawn 60-100 183 600 0.30 0.012 
2; Cold drawn 60-100 137 450 0.010 
Cold drawn 60-100 46 150 0.008 





Source: Metcut Research Associates Ine 








Table 17 Nominal speeds and feeds for the face mi 


with carbide cutters 





ing of copper alloys 





















Hardness, [Speed m/min ism) Feed 
Ae group Condition и пй Disposable! мше inire 
Depth of cut, 3.2 mm (0.125 in.) 

Jis Annealed 20-70 274 (900) 302 (990) 0.46 0.018 

Annealed 20-70 183 (6000 201 (660) 0.36 0.014 

s .. Annealed 20-70 76 250) 84 (275) 0.25 0.010 

[E ‚ Cold drawn 60-100 305 (1000) 335 (1100) 0.46 0.018 

Cold drawn 60-100 198 (650) 218 (715) 0.36 0.014 

3 ees Cold drawn 60-100 91 (300) 100 (330) 0.25 0.010 
Depth of cut, 0.64 mm (0.025 in.) 

Annealed 20-70 366 (1200) 402 (1320) 0.012 

Annealed 20-70 244 (800) 268 (880) 0.010 

Annealed 20-70 91 (300) 100 (330) 0.008 

Cold drawn 60-100 396 (1300) 436 (1430) 0.012 

Cold drawn 60-100 260 (850) 285 (935) 0.010 

Cold drawn 60-100 107 (350) 117 (385) 0.008 





Source: Meteut Research Associates Lac 








Table 18 Nominal speeds and feeds for the end milling of copper alloys 


with high-speed steel cutters 
























Hardness, Speed, Feed, mmirev (inrev), for cutter diameter of: — | 
Alloy group Condition WRB ein atm) 4 mam (0.250 im.) 19 mmn (0.750 in.) 25-50 mm (1.0-2.0 in.) 
Depth of cut, 1.3 mm (0.050 in.) 
! Annealed — 20-70 — 114(375) 0.075 (0.003) 0.20 (0.008) (0.010) 
Ж Annealed 20-70 760250) — 0.05 (0.002) 0.15 (0.006) 20 (0.008) 
T Annealed — 20-70 38(125) 0.04 0.0015) 0.13 (0.005) 0.18 (0.007) 
! =. Cold drawn 60-100 122 0400) 0.075 (0.003) 0.20 (0.008) 0.25 (0.010) 
2 ‚лш Cold drawn 60-100 — 84 (275) 0.05 (0.002) 0.15 (0.006) 0.20 (0.008) 
[MM dieses Cold drawn 60-100 — 38 (125) 0.04 (0.0015) 0.13 (0.005) 0.18 (0.007) 
Depth of cut, 0.04 mm (0.015 i 
1 ‘Annealed 20-70 137(450) 0.05 (0.002) 0.13 (0.005) 0.18 (0.007) 
Bs Annealed 2070 99(325) 0.05 (0.002) 0.13 (0.005) 0.15 (0.006) 
3 Annealed 20-70 46(150 0.025 (0.0000 0.10 (0.004) 0.13 (0.005) 
1 Cold drawn 60-100 — 152(500) 0.05 (0.002) 0.13 (0.005) 0.18 (0.007) 
2 Colddrawn 60-100 107 (350) 0.05 (0.002) 0.13 (0.005) 0.15 (0.006) 
$o Cold drawn 60-10 53 0175) 0.025 (0.001) 0.10 (0.004) 0.13 (0.005) 





Source: Metcut Research Associates Inc. 





tions included drilling, tapping, knurling, 
recessing, and cutting off; production rate 
was 1200 pieces per hour. 

The dimensional accuracy that can be 
maintained in machining copper alloys in au- 


tomatic machines is similar to that obtained 
when machining similar shapes from other 
metals. The condition of the machine is usu- 
ally the major controlling factor. Common 
practice for maintaining dimensions within 





[710 12° cutting-edge angle 







s 45? corner ongle 
ld 
Radial rake 


(see tabli 
see tal Lr 








Viol rore |, 
see table). (2—3 10 5° end relief 











га 
5 10 10® peripheral гене! + 
Disposable Brazed 
High-speed carbide, carbide, 
Angle steel, degrees degrees degrees 
Axial rake... . 12-25 5-7 3-10 
Radial rake. 10-12 0-5 3-10 








i Recommended ongles for foce milling cut- 
Fig. 21 47 oll angles are positive. 


specified tolerance is to measure the signifi- 
cant dimensions of a predetermined number 
of parts during a production run. From the 
distribution pattern of these measurements it 
is possible to judge machine condition. 





High-speed steel cutters, either solid or 
with inserted blades, are used for most appli- 
cations in milling copper alloys, regardless of 
the type of milling (peripheral, face, or end). 
However, cutters with carbide inserts are 
more efficient than high-speed steel for some 
applications. The usual practice is to begin 
with high-speed steel cutters and then change 
to carbide only when the setup can be made 
rigid enough or when advantages are strongly 
indicated by experience 

Peripheral Milling. The angles and land 
width recommended for peripheral and side 
milling cutters for use in milling copper 
alloys are given in Fig. 20. Nominal speeds 
and feeds for the peripheral milling of cop- 
per alloys with high-speed steel cutters are 
given in Table 15. These values are conserv- 
ative (as are other speeds and feeds tabulat- 
ed in this section) and may often be in- 
creased under favorable conditions, such as 
maximum rigidity, a flood of cutting fluid, 
or a shallow cut. 

Face Milling. Angles for cutters (high- 
speed steel and carbide) for the face milling of 
copper alloys are presented in Fig. 21. Nom- 
inal speeds and feeds for face milling with 
high-speed steel cutters are given in Table 16; 
speeds and feeds for carbide cutters are given 
in Table 17. Diamond tools are also used in 
the face milling of copper alloys. 

End Milling. Recoramended angles for end 
milling cutters used for copper alloys are 
shown in Fig. 22. Although these recommen- 
dations are for high-speed steel cutters, the 
same angles are applicable to carbide-tip cut- 
ters. Speeds for the end milling of copper 
alloys with high-speed steel and carbide cut- 
ters are given in Tables 18 and 19. 




















Machining of Copper and Copper Alloys / 817 


Table 19 Nominal speeds and feeds for the end milling of copper alloys 


with carbide cutters 





























Hardness, l, Feed, mmirev бп гез), for cutter diameter of: 1 
Alloy group. Condition HRB  mmin(sfm) 6.4 mm (0.250 in.) 19 mm (0.750 in.) 25-50 mm (1 Г 
Depth of cut, 1.3 mm (0.050 in.) 
Lis Annealed 20-70 229 (750) 0.075 (0.003) 0.20 (0.008) 0.25 (0.010) 
Bus Annealed 20-70 152 (500) — 0.075 (0.003) 0.23 (0.009) 
3 Annealed 20-70 91 (300) 0.050 (0.002) I 20 (0.008) 
1. + Cold drawn 60-100 244 (800) 0.075 (0.003) 0.20 (0.008) 25 (0.010) 
Ee se. Cold drawn 60-100 160 (525) 0.075 (0.003) 0.18 (0.007) 0.23 (0.009) 
Зз, Cold drawn 60-100 107 (350) 0.05 (0.002) 0.15 (0.006) 0.20 (0.008) 
Depth of cut, 0.4 mm (0.015 in.) 
1 ..Annealed —— 20-70 274 (900) 0.05 (0.002) 0.13 (0.005) 0.18 (0.007) 
2 ..Annealed 20-70 213(700) 0.075 (0.003) 0.15 (0.006) 0.18 (0.007) 
3 .Annealed 20-70 107 0350) 0.04 (0.0015) 0.13 (0.005) 0.15 (0.006) 
15а + Cold drawn 60-100 290 (950) 0.05 (0.002) 0.13 (0.005) 0.18 (0.007) 
2 = Cold drawn 60-100 229 (750) 0.075 (0.003) 0.15 (0.006) 0.18 (0.007) 
3 Cold drawn 60-100 122 (40) 0.04 (0.0015) 0.13 (0.005) 0.15 (0.006) 





Source: Metcut Research Associates Inc. 





Slitting and 
Circular Sawing 


Copper alloys are sawed with relative 
ease, and because chips are removed rapid- 
ly, coarse-tooth saws arc preferred. When 


Table 20 Nominal pitches, speeds, 


sawing leaded alloys, saws with no hook 
angle are best. For sawing commercially 
pure copper or copper alloys that produce 
stringy chips, the hook angle should be as 
much as 18°. When surface finish on the cut 
surfaces is critical, the use of metal-slitting 


and feeds for the circular sawing and 


metal slitting of wrought and cast copper alloys with high-speed steel 


(M2, M7) saws 


Metal slitting includes cutters up to 200 mm (8 in.) in diameter; circular sawing normally includes cutters larger 


than 200 mm (B in.) in diameter. 





‘Saw pitch, looth-to-tooth distance, mm (in.), 
Tor diameter or thickness of slid stock of: — — —1 









































Hardness, 64-75 mm. 75-150 mm 150-230 mm — 230-90 mm 
Alloy group. Condition HRB (V3 in.) -6 in) (6-9 in.) (8-15 in.) 
All. All 5-20 12-30 20-35 25-45 
(0.20-0.75) (0.50-1.10) (0.75-1.30) (0.90-1.75) 
Cutting speed; minin (а, 
[CL for diameter or thickness of solid stock of: 
Hardness, 64-75 тин 75-050 т 180-10 mm 250-380 me 
Alloy group Condition HRB (YS in.) (3-6 in) (6-9 in.) (8-15 in.) 
1 (Table D. - Annealed 10-70 120 (400) 105 (350) 76 (250) 60 (200) 
2. - Annealed 10-70 90 (300) 76 (250) 60 (200) 46 (150) 
Arguin Annealed 10-70 30 (100) 24 (80) 20 (65) 15 (50) 
1 (Table 1) Cold drawn 60-100 150 (500) 120 (400) 90 (300) 76 (250) 
2 a .. Cold drawn 60-100 120 (400) 105 (350) 76 (250) 60 (200) 
3; ‚ Cold drawn 60-100 46 (150) 37 (120) 27 (90) 23 (75) 
40-150 НВ 
1 (Table 2) As-cast (500 kg) 120 (400) 105 350) 76 (250) 60 (200) 
40-175 HB 
[e ‚ As-cast (500 kg) 90 (300) 76 (250) 60 (200) 46 (150) 
40-200 HB 
Asccast (500 kg) 30 (100) 24 (80) 20 (65) 15 (50) 
Feed, mm/tooth (in./toothy, 
for diameter or thickness of solid stock of: 
Hardness, 6.4-75 пип 75-150 mm 150-230 тт 
Alloy group. Condition нин (M3 in.) (3-6 in.) (6-9 in.) 
1 (Table 1). Annealed 10-70 0.2 (0.008) — 0.2(0.008) — 0.25 (0.010) 
onere Annealed 10-70 0.2 (0.008) 0.2 (0.008) — 0.25 (0.010) 
dius Annealed 10-70 0.18 (0.007) 0.18 (0.007) 0.23 (0.009) 
1 (Table 1) Cold drawn — 60-100 0.18 (0.007) 0.18 (0.007) 40.009» 
2 secs. Cold drawn — 60-100 0.18 (0.007) 0.18 (0.007) (0.009) 
Far s.. Cold drawn 60-100 0.15 (0.006) 0.15 (0.006) 0.20 (0.008) — 0.20 (0.008) 
40-150 HB 
1 (Table 2) As-cast (500 kg) 0.18 (0.007) 0.18 (0.007) 0.23 (0.009) 0.23 (0.009) 
40-175 НВ 
d. posten cs ASE (500 kg) 0.18 (0.007) 0.18 (0.007) 0.23 (0.009) 0.23 (0.009) 
40-200 НВ 
з. seein AMER (500 kg) 0.15 (0.006) 0.15 (0.006) 0.20 (0.008) 0.20 (0.008) 


Source; Meteut Research Associates Inc. 
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saws with side chip clearance will minimize 
rubbing and chip wash. Recommended 
shapes for solid and inserted saw teeth are 
shown in Fig. 23. 

General-purpose high-speed steels are 
most often used for saws for copper alloys, 
although for some alloys, such as alumi- 
num-silicon bronze, carbide-tip saws have 
proved more efficient. The free-cutting al- 
loys such as high-leaded brass are often 
sawed without a cutting fluid. However, 
fluids are recommended for most circular 
sawing or slitting operations. 

Nominal pitches, speeds, and feeds for 
the slitting and circular sawing of various 
compositions and thicknesses of copper al- 
loys with high-speed steel and carbide-tip 
saws are given in Tables 20 and 21. Speeds 
several times as great as those shown in 
Table 20 are often used successfully in 
production applications. 

Circular Sawing Compared With Alter- 
native Methods. Cutoff operations are 
commonly performed in sequence with oth- 
er operations, as in a multiple-spindle bar 
machine, although when cutoff is the prin- 
cipal operation (or the only one) a sawing 
machine is more efficient. A choice be- 
tween circular sawing and abrasive cutting 
for copper alloys depends greatly on the 

















Table 21 Nominal pitches, speeds, 
and feeds for the circular sawing of 
copper alloys with carbide-tip plate 
saws 








Saw pitch, mm (in.) (all alloys)(a) 


13-19 (0.500-0.750) 
19-25 (0.750-1.000) 
(1.000- 1.500) 
(1.500-2.000) 


6.438 mm (4-114 in.) plate 
38-90 mm (1/-3% in.) plate 
90-125 mm (308-5 in.) plate 
125-150 mm (5-6 in.) plate. 





Speed, m/min (sfm), for 6.4-150 mm (14-6 in.) plate 


Copper (20-60 HRB) ...... - 460-910 (1500-3000) 
Brasses (60-100 HRB) .. ‚150 (500) 
Bronzes (60-100 HRB) 120 (400) 


Feed, mm/tooth (in./tooth), for 64-150 mm (6-6 in.) 
plate 





Copper (20-60 HRB) «0.17 (0.0065) 
Brasses (60-100 HRB) 0.15 (0.006) 
Bronzes (60-100 HRB) -. 0.15 (0.006) 





(a) Tooth-te-tooth distance. in inches. Source: Metcut Research 
Associates Inc 
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Table 22 Speeds for the power band sawing of copper alloys with 
high-speed steel bands 
Speed, m/min (sfm), for a workpiece thickness of: 
3 mm. 25-75 mm >75 mm 
Alloy group Condition Hardness, HRB ain) (3 in.) їз.) 
1 (Table D ........ Annealed 10-70 115 (380) 10503409) вз 700230) 
дуу, Annealed 10-70 100(3200 870285) 72039 — S9 (199 
Annealed 10-70 60 (200) 55 (180) 46 (150) 37 (120) 
Cold drawn — 60-100 130 (4259 115 (380) 10043200 790260) 
Cold drawn 60-100 110 (360) 100 (320) 824270) 67 (220) 
Cold drawn 60-100 7040 660215) SATS 44 (145) 
Ауа 40-150 HB (500 kg) — 115 (380) 105 (340) 85 080) 704230) 
Алсам 40-175 НВ (S00 kg) — 100 (320) 87 Q85) 72 (235) 890195) 
Алсам 40-200 НВ (S0 kg) — 60 (200) 55 (180) 46150) — 270120) 
Table 24 Power hacksawing of copper alloys with high-speed 
steel blades 
Pitch, teeth’25 mm (1 in.), for thickness of; 1 
m 6.419 mm. 19-50 mm 780 mm Speed. Feed. 1 
Alloy group. саш. [LT 05-2 in) Qna strokes/mir mmstroke inJstroke 
Annealed alloys (20-70 HRB) 
Lm 10 6 6 4 130 03 0.012 
2 10 6 6 4 100 03 0.012 
3 r 10 6 6 4 90 0.25 0.010 
Cold-drawn alloys (60-100 HRB) 
I 10 10 6 4 150 0.3 0.012 
2 10 10 6 4 120 03 0.012 
3s 10 10 6 4 100 0.25 0.010 





Source: Меки Research Associates Inc. 





work metal composition. Some copper al- 
loys, particularly the softest and most duc- 
tile, cause excessive loading of abrasive 
wheels. Under these conditions, circular 


Table 23 Pitch and tooth form for 
the power band sawing of copper 
alloys 








Pitch, 
Workpiece thickness teethi25 mm 
mm im. Tooth form tin) 
SVE eves Precision 10-14 
Mol sus Precision. 8-10 
123 arasson Precision 6 
= ee Claw. buttress за 








sawing is more efficient than abrasive wheel 
cutting. On the other hand, for the most 
abrasive copper alloys, such as the alumi- 
num bronzes or silicon bronzes, abrasive 
cutting is more efficient than sawing. 





Power Band Sawing and 
Power Hacksawing 


Nominal pitches and speeds that are suc- 
cessful for band sawing copper alloys are 
given in Tables 22 and 23. Similar data for 
power hacksawing are given in Table 24. 
The figures in these tables are for condition: 
that include the use of soluble oil as a 
cutting fluid. Speeds are based on an indef- 
initely long cut. If the length of cut is short 








Table 25 Conditions for the 
grinding of copper alloys 





Surface grinding 
Wheel classification 
Workpiece 20-70 HRB 
Workpiece 60-100 HRB 
Wheel speed, m/min (sf)... 
Table speed. m/min (sfm) 
Downfced 
Rough, mm/pass (in./pass). 
Finish, mm/pass (in./pass) . 
Crossfeed . 


су 
Wheel classification 


CAS K-V. 
А6 КАУ 
1680-1980 (5500-6500) 





2.0.075 (0.003) 
0.01 (0,0005) тах 
JA wheel widthipass 





\drical grinding 


Workpiece 20-70 HRB ........... A-60-N-V 
Workpiece 60-100 HRB .... weve Ande LV. 
Wheel speed, mimin (sfm)..... . 1680-1980 (5500-6500) 
Work speed, mimin (sfm) га 30 (100) 


Infecd 
Rough. mm/pass (in,/pass) 
Finish, mm/pass (in./pass) . 


0.05 (0.002) 
0.01 (0.0005) тах 











Traverse 
Rough YA wheel width/work rev 
Finish... Ye wheel width/work rev 

Centerless grinding 

Grinding wheel classification а АБО 

Wheel speed. m/min (sfm) . . - -1680-1980 (5500-6500) 

Work feed, mm/min (in.imin) .,..... «125 (50) 

Infeed 
Rough, mmipass (їп./разх)............. 0.13 (0.005) 
Finish, mmipass (in./pass) 20,04 (0.0015) тах 

Regulating wheel 
Angle... TEE 
Speed... 30 rev/min 

Internal grinding 


Wheel classification 
Workpiece 20-70 HRB ,. 
Workpiece 60-100 HRB 

Wheel speed, mimin (sfm). 

Work speed, mimin (sfm) 

Infeed 
Rough, mm/pass (in.[puss). 
Finish. mmipass (in./pass) 

Traverse 
Rough 
Finish. 


Source: Metcut Research Associates Inc. 


,А-46-1-У 
» ,A-00-L-V 
520-1980 (5000-6500) 
30-60 (100-200) 











0.05 (0,002) 
005 (0.0002) 





„Va wheel width/work rev 
„Va wheel width/work rev 





(6 mm, or V4 in.) and there is time between 
cuts, speed can be increased. 


Abrasive Cutoff 


The usc of an abrasive cutoff wheel may be 
more economical than sawing, particularly 
for the most abrasive copper alloys. Alumi- 
num oxide wheels are recommended—res- 
inoid bond for dry cutting and rubber bond for 
wet cutting. Wheels should be relatively hard 
(grades N to R). Typical wheel recommenda- 
tions are: 











Work meta 
hardness, HRB Dry cutting Wet cutting 
30-70. . ‚ A-M-R-B. A-46-N-R 
60-100. . A-46-R-B. A-46-N-R. 
Grinding 


The grinding of copper alloys is not com- 
mon, but in some applications grinding is the 





best means of obtaining accuracy and finish. 
Sometimes, when finish grinding must sup- 
plement machining. one grinding operation 
can be used to replace both operations. 

Speeds. feeds, and wheels are given in 
Table 25. Aluminum oxide wheels are rec- 
ommended for all types of grinding except 
for surface grinding softer alloys. For these 
conditions. silicon carbide wheels are pre- 
ferred. In all cases. vitrified bond wheels of 
medium grade (J to № are recommended. 
Emulsions of soluble oil and water are sat- 
isfactory grinding fluids. 





Honing is frequently used to finish bores 
to close dimensions, particularly in hard 
alloys such as aluminum bronze. 

Honing Stones (Sticks). Resinoid bond sil- 
icon carbide stones of grade R should be used 
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for honing all copper alloys. Selection of grain 
size dependsonfinish requirements as follows: 





Г Finish — 
im 

0.075-0.125 
0,15-0.23 
0.25-0.36 

0.380.5 
0.53-0.66 
0.69-0.76 











= 


For a finish of over 0.76 рт (30 pin.), г 
grain size of 180 is recommended. 

Speed. A reciprocating speed of 24 m/min 
(80 sfm) is recommended regardless of alloy 
hardness. Rotational speeds of 49 to 64 m/ 
min (160 to 210 sfm) are recommended for 
alloys with hardness of 120 to 140 HB. For 
honing alloys of 180 to 200 HB. lower 
speeds (46 to 55 m/min, or 150 to 180 sfm) 
are better. 
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Machining of Magnesium and 
Magnesium Alloys* 


MAGNESIUM, with a nominal alloy 
density of only 1.8 g/cm? (0.065 Ib/in.?), is 
considered to be the lightest structural 
metal. It is also one of the easiest metals to 
machine. Magnesium is often chosen be- 
cause of its light weight, but its excellent 
machinability is a valuable advantage 
when a large amount of machining must be 
done. 

Less power is required for removing a 
given volume of magnesium by machining 
than for any other commonly machined 
metal. The relative power required to ma- 
Chine some common metals is indicated 
below, with magnesium taken as unity: 








Metal 


Magnesium alloys 
Aluminum alloys. . . 
Bra 
Cast iron 
Low-carbon steel 
Nickel alloys ..... 


Relative power. 














Magnesium is machined in low-volume 
production on small, manually operated ma- 
chine tools and on large, specially built, 
completely automated transfer machines 
operating at high production rates. The ease 
of machining magnesium results in signifi- 
cant benefits over more-difficult-to-ma- 
chine metals. Heavy cuts can be taken at 
high speeds and feeds. Machining time is 
reduced; therefore, fewer machines, less 
capital investment, less floor space, and 
lower labor and overhead costs are required 
to do the same job. The low cutting pres- 
sures and the high thermal conductivity of 
the metal result in rapid dissipation of heat. 
Tool life is increased, and tool buildup is 
lower; this results in lower tool costs and 
less downtime for tool changing. The final 
surface finish is often produced in only one 
pass instead of two or more. Because mag- 
nesium is a free-cutting metal, the chips 
produced are well broken. 

Initially, this article will focus on factors 
that affect the machining of magnesium: 


* Material: Chip formation, distortion, and 
magnesium-matrix composites 
* Tools: Materials, design, and sharpening 


© Cutting fluids: Dry machining, coolants, 
mineral oil, and emulsions 


Detailed examples are given on the various 
machining operations used on magnesium, 
including turning and boring, planing and 
shaping, broaching, drilling, reaming, coun- 
terboring, roller burnishing, tapping and die 
threading, multiple-operation machining, 
milling, sawing, and grinding. 

The magnesium alloys mentioned include 
die casting alloy AZ9IB (AZ9ID); gravity 
casting alloys AZ9IC, (AZ9IE), and 
AZ92A; and wrought alloys AZ31B, 
AZ61A, AZ80A, ZK21A, and ZK60A. The 
machining parameters given generally apply 
to all magnesium alloys and forms. Safety is 
important to the machining of any material 
but is of particular importance to magne- 
sium; the section ''Safety" covers machin- 
ing in general and grinding in particular, the 
handling of chips and fines, and fire extin- 
guishment. 


Material Considerations 


Certain physical characteristics of mag- 
nesium must be taken into account during 
machining. This section will discuss chip 
formation; distortion due to thermal expan- 
sion, cold work, and clamping; and magne- 
sium-matrix composites. 

Chip Formation. The type of chip formed 
during machining depends on the composi- 
tion, form, and temper of the alloy and on 
the rate of feed. Rake angles and cutting 
speeds influence chip formation to a high 
degree when machining other metals, but 
have little or no effect on magnesium. The 
chips produced with single-point tools dur- 
ing turning, boring, shaping. and milling fall 
into three general types: short and well 
broken for heavy feeds, short and partially 
broken for medium feeds, and long and 
curled for light feeds. Cast alloys are more 
likely to yield broken or partially broken 
chips, depending on heat treatment. Forg- 
ings and extrusions typically yield partially 
broken or curled chips, depending on the 
feed rate used. 

Distortion. Because of the high specific 
heat and good thermal conductivity of mag- 
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nesium, frictional heat is rapidly diffused 
throughout the entire part. Consequently, 
the temperatures developed when cutting 
magnesium are usually low. With high 
speeds and feeds, however, considerable 
heating of the part can occur if a large 
amount of metal is being removed. 

Thermal Expansion. When appreciable 
heat is generated under such conditions, 
the relatively high coefficient of thermal 
expansion of magnesium must be taken 
into account if close tolerances are re- 
quired on the finished part. The mean 
coefficient of thermal expansion in the 
temperature range of 20 to 200 *C (68 to 
392 °F) extends from 26.6 to 27.4 шт/т/°С 
(14.8 to 15.2 pin./in./°F), depending on the 
magnesium alloy. The coefficient of ther- 
mal expansion of magnesium is slightly 
higher than that of aluminum and appre- 
ciably higher than that of steel. 

Cold Working. Distortion or warpage of 
magnesium parts due to cold working dur- 
ing machining seldom occurs. When it does 
occur. it can usually be traced to poor 
machining practices. Poor practices include 
the use of dull tools, slow feeds, tool dwell, 
or any operation that heats the part exces- 









sively. Cold working due to poor machining 
practices can build up extremely high 
stresses in the surface to a depth of as much 





as 0.5 mm (0.020 in.). Such stresses tend to 
distribute themselves throughout the part 
and can cause warpage. Warpage as a result 
of cold working during machining may ap- 
pear shortly after the workpiece is removed 
from the clamps, or it might not appear until 
after several days or months of storage. It 
may also appear during the application of a 
heat-cured coating. 

Rough cuts are more likely than fine 
finishing cuts to induce cold work into the 
magnesium surface. Rough machining can 
be carried down to within 0.5 mm (0.020 in.) 
of the final dimension desired, and the rest 
of the metal can be removed with one or 
two finishing cuts. Two finish cuts remov- 
ing up to a total of 0.5 mm (0.020 in.) serve 
to remove the high-stress layer induced by 
the rough machining. The lower stresses 
that might be induced by the finish cuts are 
not likely to cause warpage. 








Stress relief should be used only as a last 
resort to relieve machining-induced stress- 
es. Stress relief may be advisable after 
rough machining on complex parts or on 
parts in which extremely close tolerances 
are required. In these cases, finishing cuts 
should be taken after stress relieving. Parts 
should be cooled slowly and at a uniform 
rate from the stress-relief temperature. The 
times and temperatures for stress relieving 
wrought alloys after machining various tem- 
pers are given below: 





Alloy und temper. 


Time and temperature. 


1-4 h at 204 °C (400 °F) 
1-4 h at 135 °C (275 °F) 
1-4 h at 204 °C (400 °F) 
1-4 h at 204 °C (400 °F) 
1-4 h at 204 °C (400 °F) 
1-4 h at 204 °C (400 °F) 
4 h at 149 С (300 ^F) 








Clamping should always be done on the 
heavier sections of a magnesium part. In the 
case of die castings, the clamp locating pads 
should be on areas of the part that are 
formed by the same half of the die to 
minimize variation caused by the parting 
line. Care should be taken so that clamp 
pressures are not high enough to cause 
distortion. Shims should be used between 
the part and the tool bed when necessary. 
Special care should be taken with thin- 
section parts, which might be easily distort- 
ed by the pressures in a chuck or clamp or 
while making heavy cuts. 

Magnesium-Matrix Composites. The 
parameters for machining magnesium-ma- 
trix composites have not been extensively 
studied, but some general guidelines have 
been developed. Standard magnesium tool 
designs are recommended when machining 
a magnesium-matrix composite material. At 
lower concentrations of reinforcing material 
(for example, <10% by weight), carbide-tip 
tooling can be used. At higher concentra- 
tions (>10% by weight), diamond-tip tool- 
ing should be used. In both cases, the tools 
must be sharpened frequently to avoid 
sparking at the point of contact between the 
tool and the composite material. Increasing 
the surface feed may help to keep the tool 
from becoming dull too rapidly. 





Tools 


Materials. The sclection of a tool materi- 
al for machining magnesium depends on the 
amount of machining to be done. Ordinary 
carbon steel tools have exceptional service 
lives, but are not recommended for high- 
production jobs. Experience has shown that 
high-speed steel tools will last as long on 
magnesium as carbide-tip tools will last on 
other metals. For high-production jobs, car- 
bide-tip tools are usually preferred because 
they last longer and are more accurate than 
high-speed steel tools. The higher cost of 
carbide-tip tools can also be justified for 
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long-duration runs because the longer tool 
life will offset the higher initial cost. The 
hard, abrasion-resistant grades of any of the 
commercial brands of carbide material are 
satisfactory. Diamond-tip tools are usually 
not necessary when machining magnesium, 
although they have been effectively used 
when fine surface finishes of 0.075 to 0.125 
um (3 to 5 pin.) are required or when 
magnesium-matrix composites are being 
machined. 

Design. Tools designed for machining 
steel or aluminum are normally suitable for 
machining magnesium. However, because 
of the low resistance of magnesium to cut- 
ting and its comparatively low heat capaci- 
ty, tools should have smooth faces, large 
peripheral relief angles, large chip spaces, 
few blades (as on milling cutters), and small 
rake angles. Tool design specifications are 
provided throughout this article. 

Special attention should be given to relief 
and clearance angles. These angles should 
be as large as possible to keep the areas of 
the tool behind the cutting edge from rubbing 
on the work and causing excessive heating 
and tool buildup. Larger clearance and relief 
angles than those usually permitted for other 
metals can be used on tools for magnesium 
because of the low cutting pressures. 

Cutting pressure is greatly affected by 
cutting tool angles, especially rake angles. 
Decreasing the top rake angle of a turning 
tool from 25 to 15° can increase the cutting 
pressure by as much as 50%. An increase in 
the rake angle will naturally decrease cut- 
ting pressure, but at a sacrifice in tool life. 
For maximum tool life, back rake angles 
can range up to 20°. Rake angles on carbide- 
tip tools should be smaller than those on 
high-speed steel tools to reduce the possi- 
bility of tool chipping. 

End and side cutting edge angles are 
usually not critical and are best determined 
by the requirements of each job. Extremely 
large side cutting edge angles may cause 
tool chatter. The nose radii of tools used for 
machining magnesium can be somewhat 
greater than those used on other metals, 
permitting greater feed rates for a given 
surface finish. 

Sharpening. A very important rule is that 
tools must be kept as sharp and as smooth 
as possible when machining magnesium. 
They must also be free of scratches, burrs, 
and wire edges. Cutting tools that have been 
used on other metals should be resharpened 
and honed, even if the cutting angles of the 
tools have not changed. Tools should not be 
used when completely dull, but should be 
resharpened when only slightly dull to 
maintain good cutting edges and to con- 
serve tool materials. Many shops engaged 
in production machining operate tools for a 
predetermined length of time and then re- 
place them with freshly sharpened tools. 

The rough grinding of cutting tools can be 
done on medium-grade wheels. To provide 




















smooth tool faces and good cutting surfac- 
es, finish grinding should be done on fine- 
grain wheels, followed, if necessary, by 
hand honing with fine or extrafine oilstone. 
Aluminum oxide 100-grit wheels are satis- 
factory for finishing high-speed steel, al- 
though finer grits produce smoother finish- 
€s. Silicon carbide 320-grit wheels or 200- to 
300-grit diamond wheels are used for finish- 
ing carbide-tip tools. 

To ensure long tool life and an excellent 
surface finish on parts, careful hand honing 
should be done to remove the burr and 
grinding wheel marks. It is imperative that 
surfaces on the clearance angles and on all 
arcas over which the chips pass be well 
polished to minimize tool buildup. This is 
particularly important in high-production 
machining operations. Drills for deep-hole 
drilling should also have polished flutes. 

A simple visual inspection often cannot 
detect whether a cutting edge is sharp 
enough to provide satisfactory service. In- 
dications that tools need sharpening or re- 
placement are: 


* An inability to hold tolerances and to 
produce a good finish on the part 

* The generation of excessive heat 

* The formation of long chips with bur- 
nished surfaces 

* Flashing or sparking at the tool edge 


Cutting Fluids 


Magnesium is frequently machined with- 
out a cutting fluid. The two primary benefits 
of cutting fluid—cooling and lubrication— 
are often not required on magnesium. Mag- 
nesium dissipates heat rapidly, and this 
keeps the machined surface cool. In addi- 
tion, the free-machining nature of magne- 
sium and its resistance to galling against 
steel generally allow magnesium to be ma- 
chined without a lubricant. Cutting fluids 
may be required for lubrication in deep 
boring or for cooling at very high feeds and 
speeds. Dry machining is usually cleaner, 
less costly, and therefore more desirable 
than machining with a cutting fluid. 

Safe, efficient chip removal is important 
in the dry machining of magnesium. The 
cutting tool zones of single-unit and transfer 
machines must be as free of obstructions 
and pockets as possible to ensure a smooth 
flow of chips to the collection area. Chip 
shields, beveled pallets, slanted machine 
beds, and blowoff chambers are used to 
minimize chip accumulation on the ma- 
chine. In transfer machines, screw convey- 
ors under the length of the machine remove 
chips to a collector (see the section 
“Transfer Machines" in the article **Multi- 
ple-Operation Machining" in this Volume). 
Dry machining is preferred in turning and 
boring, drilling, milling, shaping and plan- 
ing. and other operations involving ma- 
chines of relatively simple design in which 
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the operator can observe chip collection 
areas and extinguish a fire should one start. 
Coolants. The improved surface finish 
and increased tool life that cutting fluids 
provide for many metals can be minor con- 
siderations in most machining operations on 
magnesium. Smooth surfaces are produced 
by machining at high or low speeds, with or 
without a cutting fluid. If required, such 
fluids are mainly used to cool the work, to 
minimize the possibility of distortion of the 
part, and to reduce the chances of ignition 
of chips (especially when the chips consist 
of fine particles that can easily be ignited 
unless submerged in a liquid). Consequent- 
ly, cutting fluids are referred to as coolants 
when used in the machining of magnesium. 
In very high production operations, coolants 
can become a factor in increasing tool life. 
Efficient machining practice demands 
that high speeds be used whenever possible. 
However, when high speeds are used, there 
is the danger of fire, particularly when fine 
chips are being produced. Less heat is gen- 
erated in cutting magnesium than in cutting 
other metals, but the high cutting speeds 
used and the high thermal expansion and 
low heat capacity of magnesium make it 
necessary in some machining operations to 
provide for heat dissipation. In addition, 
iron or steel inserts and sand cast surfaces 
are likely to spark when hit with a cutting 
tool. Cutting feeds below 0.025 mm (0.001 
in.) or tools rubbing on the work are more 
likely to generate enough hcat to ignite 
chips. A stream of 15 to 19 L/min (4 to 5 
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gal./min) of cutting fluid per tool provides 
good cooling. If a particular job or machine 
tool precludes the use of a cutting fluid, 
cutting speed should be reduced to less than 
150 m/min (500 sfm), and the recommenda- 
tions regarding tools and feeds should be 
carefully followed. 

When tapping and reaming, there is the 
possibility of chip jamming. Coolants can 
help flush away the chips. In the more com- 
plicated boring machines and transfer ma- 
chines, which are designed for metals other 
than magnesium, it is more difficult to detect 
a fire visually, and it is often desirable to use 
a coolant to wash the chips out of the machin- 
ing area and into a collection sump. 

Mineral Oil. Oil-base coolants should al- 
ways be mineral oils. Animal or vegetable 
oils are not suitable for use on magnesium. 
Various mineral oil cutting fluids are used 
on magnesium, and mineral seal oil and 
kerosene have been successfully used as 
coolants. For adequate cooling. the cutting 
oil should have a low viscosity. To prevent 
corrosion of the magnesium, the free acid 
content of the cutting fluid should be less 
than 0.2%. The use of low flash point oils, 
such as diesel oil, is strongly discouraged. 
Recommended properties of mineral oil 
coolants for the machining of magnesium 
are given below: 








Property 
Specific gravity .... 
Viscosity at 40 °C (1t . SUS... + 
Flash point, minimum (closed cup), “C (F; 
Saponification number, maximum 
Free acid, maximum, % 











Emulsions. In some applications, water- 
soluble oils or oil-water emulsions have 
been successfully used in machining magne- 
sium; but the use of water-base coolants on 
magnesium can be dangerous, and extreme 
care must be observed. Water reacts with 
magnesium to form hydrogen, which is 
flammable and potentially explosive. Accu- 
mulations of small volumes of hydrogen 
represent a severe hazard during the ship- 
ment or storage of wet magnesium chips. In 
addition, water will intensify a magnesium 


fire should one start in wet chips. Wet 
magnesium chips are inefficiently re- 
claimed, may have no scrap value, and 
could present a disposal problem. 

The use of an aqueous coolant has defi- 
nite advantages in any machining operation, 
Off-the-shelf machining stations are often 
designed for the use of water-base coolants. 
Large coolant reservoirs can be used, and 
auxiliary cooling of the coolant is usually 
unnecessary. Machined parts and tools are 
cleaner. Chips are easily flushed to collec- 
tion sites. When applied to magnesium, 
machining systems that use water-base 
coolants have been redesigned for the open- 
air collection of coolant and chips to allow 
for the dissipation of hydrogen. Hydrogen 
detectors have also been incorporated into 
the system. In addition, consideration must 
be given to the handling of wet magnesium 
chips, including drying, if the chips are to be 
recovered for resale or disposal. Even with 
these precautions, extreme attention to safety 
is required for minimizing the hazards of 
hydrogen formation and accumulation. 


Turning and Boring 


Figure 1 shows a typical lathe tool for 
rough turning. The large relief angle (10 to 
15°) and the small back rake (10 to 20°) are 
important. A larger back rake often causes 
feeding of the tool into the work. In some 
plants, 0° back rake is used to break chips 
and prevent curling. This practice is seldom 
recommended because it increases the 
roughness of the machined surface and in- 
creases power consumption. The side rake 
may vary from 0 to about 10°. The design of 
form tools for taking wide cuts or for turn- 
ing specially shaped contours is similar to 
that of single-point finishing tools, except 
that the back rake should be reduced to 
about 3 to 8° to avoid chatter. 

Figure 2 shows a typical parting tool. The 
large relief angles are important because 
they reduce friction and prevent tool break- 
age. The speeds, feeds, and depth of cut 
commonly used for the rough and finish 
turning or boring of magnesium are given in 
Table 1. The following example describes 

















Table 1 Speeds, feeds, and depths of cut for turning and boring 
magnesium alloys 
Speed T Feed Maximum depth of cut 

m sm | T mires inrer mn in 
Roughing 

90-185 e 0762.5 0.030-0.100. 12.7 0.500 
185-305 . 0512.0 0.020-0.080. 102 0.400 
305-460 we 925-15 0.010-0.060. 7.62 0.300 
460-610 . 0325-1.0 0.010-0,040. 5.08 0.200 
610-1525 0.25-0.76 0.010-0.030 E 0.150 
Finishing 

90-185 . 0.13-0.64 0.005-0.025 254 0.100 
185-305 0.13-0.51 0.005-0.020 2.03 0.080 
305-1525 1000-5000... <. 0.076-0.38 0.003-0.015 1.27 0.050 











typical production practices for turning and 
boring magnesium. 

Example 1: Form Turning AZ91B Die 
Castings. The die casting shown in Fig. 3 
was turned to remove parting line flash and 
to form a sealing surface for a rubber gas- 
ket. A feed of 0.2 mm/rev (0.008 in./rev) 
was used to obtain the gasket surface and to 
produce a chip that could be easily handled. 
Because of the type of chip desired, the 
dwell normally used at the bottom of such a 
cut was omitted. No cutting fluid, as such, 
was used; however, chips were flushed 
away by a fire-resistant oil. Other pro- 
cessing details are given with Fig. 3. 


Planing and Shaping 


Single-point tools for planing and shaping 
have essentially the same angles as the tools 
used for turning and boring (Fig. 1). Cutting 
fluids are seldom used for planing or shaping. 

Planing. Because the maximum cutting 
speeds in planing are much lower than those 
for turning and boring, operating economy 
is obtained by heavy feeds and deep cuts. 
Depths of roughing cuts are commonly 
about 12.7 mm (0.50 in.) at a speed of 90 m/ 
min (300 sfm) and a feed of 23 mm (0.90 in.) 
per stroke. For optimum surface finish, the 
depth of cut for finish planing should be 0.25 
mm (0.010 in.). These heavy feeds and deep 
cuts are possible because of the low power 
needed for planing magnesium. The rigidity 
of the setup is the main limitation on the 
maximum size of the cut. 

Shaping. Operating conditions for plan- 
ing are also generally applicable to shaping. 
Speed is limited only by the capability of the 
shaper. Feed and depth of cut are more 
often limited by workpiece design or the 
rigidity of the setup. 








Broaches for magnesium are usually 
made from M2 high-speed steel. Face 
(hook) angles of 10 to 15° are recommended. 
Relief angles are usually | to 3°. Broaching 
is done dry or with a broaching oil. 

Speeds ranging from 6.1 to 15 m/min (20 
to 50 sfm) are generally used; machine 
capability is the major factor limiting maxi- 
mum speed. A rise per tooth (chip load) of 
0.15 mm (0.006 in.) is usually near optimum. 


Table 2 Nominal speeds and feeds for the drilling, gun dri 
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‚ 245 (800) 
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Speed, at 1120 rev/min, m/min (sfm). 
Feed, mm/rev (in./rev). 
Metal removed. mm (in. 
Cutting fluid... 

Production rate, pieces/h . 
Tool life per grind, pieces . 












Fig. З Die cotting that was machined by the cor- 
9. 9 bide form tool shown. Dimensions in figure 
given in inches 


A chip load that is too light will cause 
burnishing, which will shorten broach life 
and distort the workpiece. The following 
example describes the practice for broach- 
ing splines in a magnesium alloy part. 

Example 2: Broaching Internal Splines 
in an AZ92A Casting. A horizontal vari- 
able-speed broaching machine with a 1625 
mm (64 in.) stroke was used to cut splines in 
a casting of magnesium alloy AZ92A. The 
hydraulically powered broaching machine 
was equipped with a 7.5 kW (10 hp) motor, 
and it had a pulling capacity of 180 kN 
(41 000 Ibf) and a maximum cutting speed of 
6.1 m/min (20 sfm). 

Figure 4 shows the workpiece and broach- 
ing setup. The pull broach used, which was 
made of M3 high-speed steel, was 129 mm 
(5.08 in.) in diameter and 1725 mm (68 in.) 
long and had 131 rows of roughing teeth and 
5 rows of finishing teeth. Each row of 
cutting teeth on the broach produced an 
internal form consisting of 19 teeth, with 
one space omitted, 30^ involute spline, 4/8 
diametral pitch, and 120.7 mm (4.750 in.) 
pitch diameter. Broach-teeth details and 
operating conditions are given with Fig. 4. 





Magnesium alloys can be easily drilled 
with twist drills made of any high-speed 
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Details of broach teeth 


Pitch, mm tin.) 

Land, mm (in.) 

Face (hook) angl 
Backoff angle .... 
Side relief angle 


Operating conditions 


Speed, m/min (sfmy(a) 
Cutting fluid, . 
Tolerance on pitch diameter, 
mm (in.). " 
Maximum permissible involute 
error, mm (in.) 
Time per piece, min(b) . j 
Production rate, pieces/h ........... 16 
Tool life per grind, pieces(c) ........ 500 
44) Maximum speed for this machine. (b) 16 for the stroke; 5 x for 
the ram to return to the fixture: 10 s for spionas, the broach and 
retracting it; 14 x for pinning the broach: 3 min for luding, 
Unloading, and cleaning: 1c) Estimated: sharpening not required 
for production quantity 


«10.3 (DA) 





20.025 (£0,001) 


-. 0.020 (0.0008) 
75 











А Broaching spline teeth in a cost magnesium 
Fig. 4 рат Dimensions in figure given in Inches 


steel, The speeds most commonly used are 
given in Table 2. Feed depends on hole size 
and usually ranges from 0.025 to 0.76 mm/ 
rev (0.001 to 0.030 in./rev) for holes (1.6 to 
51 mm (Visto 2 in.) in diameter, as shown in 
Table 2. 

Deep Holes. Twist drills of the design 
shown at the left in Fig. 5 are suitable for 
drilling holes of depth-to-diameter ratio up 
to 20:1. A web of uniform thickness is 
preferred. The clearance (relief behind the 





ing, reaming, and counterboring of magnesium alloys 











Speed — Feed, mmirey (in./rey), for hole diameter of: ———- 
Operation fumi sm | Lenis) Зана) Cumin) ami) ana) Jmm) Bm (Vain) Siem) 
Drilling .........- -.43-100 140-330 0.025 (0.001) 0.076 (0.003) 0.18 (0.007) — 0.30(0.012) 0.41 (0.016) 0.51 (0.020) 0.64 (0.025) 0.76 (0.030) 
Gun drilling ess. 18 650 0.025 (0.001) 0.025 (0.001) 0.076 (0.003) 0.13 (0.005) 0.200.008) — 0.25 (0.010) — 0.25(0.010) 0.25 (0.010) 
Reaming ............... 120 40006) tue 0.13 (0.005) 0.20 (0.008) 0.30 (0.002) = 0.41 (0.016) 0.5) (0.020) 0.76 (0.030) 
Counterboring 
High-speed steel 195 — Өс) 0.13 (0.005) 0.15 (0:006) 0.18 (0.007) 0.22 (0.0085) — 0.28 (0.011) 0.33 (0.013) 
Сагыйе.............. 490° 1600) 0.15 (0.006) 0.18 (0.007) — 0.20(0.008) 0.25 (0.010) 0.300.012) — 0.36 (0.014) 


(а) Limitations of machine, rigidity, or both may require lower speeds. (b) For high-speed steel; for carbide reamers, speed is 260 mimin (850 sfm). (c) For 76 mm (3 in.) diam holes, use 0.41 mmirev (0.016 


ттеу), Source: Metcut Research Associates Inc. 
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Fig. 5 Recommended designe of twist drili for 
J- 9 magnesium. Margin dimension of drill in 
figure given in inches 


land) should be twice as deep as that of 
standard drills, and the margin should be 
half the standard width. A point angle of 
118^ and a lip relief of 15° are recommended. 
A spur or pilot can be ground on the point to 
prevent drill marks and to keep the drill 
straight. Chisel-edge angles must be 135 to 
150° to provide good surface finish and to 
minimize spiraling in the holes. When chis- 
el-edge angles are smaller or larger, difficul- 
ties result due to improper relief at the 
cutting edge and improper centering of the 
drill. 

A drill of this design cuts freely and will 
readily clear chips. Raising the drill to re- 
move the chips is unnecessary unless the 
depth of the hole is more than about 20 
diameters. However, if the drill bushing and 
the surface of the drilled part are too close. 
the chips may not flow out readily and can 
jam in the flutes. An approximate minimum 
distance of 1% times the hole diameter is 
recommended. If a flat machined face is 
available, the drill bushing can be held 
tightly against the machined face during 
drilling. This allows chips to be brought 
back through the bushing. 

Shallow Holes. Drilling holes in magne- 
sium to a depth less than four times the 
diameter presents few difficulties, and stan- 
dard twist drills (center, Fig. 5) can be used. 
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Gun drill for magnesium machining applica- 
tions. Dimensions in figure given in inches 


Fig. 6 


Polished flutes are recommended for aiding 
in clearing chips, and cutting edges must be 
kept sharp. 

Drilling of Sheet. Magnesium sheet can 
be drilled with a sharp, standard twist drill 
(118° point angle), but a slightly modified 
drill (at right, Fig. 5) is recommended for 
the mass production of accurate holes with 
a good finish and minimum burr. The point 
angle of this drill is reduced to approximate- 
ly 60° to prevent walking of the drill, to 
reduce thrust, and to prevent an abrupt 
change of thrust when breaking through. 
The chisel-edge angle is 120 to 135°, The 
web is thinned and the ends of the cutting 
edges rounded. A thin web at the point 
helps to center the drill and reduce thrust; 
the rounded corners provide a smooth finish 
and reduce burrs. A helix angle of about 10° 
prevents the work from climbing the drill on 
breakthrough. 

Gun Drilling. A typical gun drill for mag- 
nesium (Fig. 6) consists of a cylindrical 
driver with a flat cutout, a crimped tubular 
shank through which cutting fluid can flow, 
and a carbide head or tip. Typical angles are 
shown in Fig. 6, although these vary in 
practice in different plants. For example, 
one plant uses cutting-edge angles of 10 and 
10°, instead of 20 and 42° as shown in Fig. 6. 
The dimensional tolerance of the drill tip is 
from —0.005 to 0.000 mm (—0.0002 to 
+0.0000 in.). Gun drills are end cutting 
tools with an outer cutting angle and an 
inner angle and with no back or side rake 
and only one axial flute. 

In gun drilling, the tip of the drill passes 
through an accurate starting bushing and 
into the workpiece. The inside diameter of 
the bushing, which should be replaced when 
it becomes 0.015 mm (0.0006 in.) oversize 
(depending on required accuracy), has a 
tolerance of —0.000 to +0.005 mm (—0.0000 
to +0.0002 in.). After the tip enters the 
workpiece, the hole it has cut acts as a 
guide. The cutting fluid is delivered to the 
cutting point by a high-pressure system (2.8 
MPa, or 0.4 ksi, minimum for 6.4 mm, or 4 
in., diam holes and higher pressure for 
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Drilling conditions 


Speed, m/min (sfm) 95 (313) 












Feed, mmirev (in./rev). 0.038 (0.0015) 
Cutting fluid. . ч Mineral ой 
Tolerance, mm (in. traightness within 
0.13 (0.005) 
Specified finish, um (ийп.) ...... 0.75 Q0) max 





Aircraft broke carrier drilled with carbide- 
tip gun drill. Dimensions in figure given in 


Fig. 7 
inches. 


smaller holes) that contains filters for re- 
moving metal chips and foreign particles. 
Cutting speeds for average machining con- 
ditions are usually 200 m/min (650 sfm) or 
less, depending on the capability of the 
machine. A speed of 200 m/min (650 sfm) is 
suggested in Table 2, along with feeds of 
0.025 to 0.25 mm (0.001 to 0.010 in.), de- 
pending on hole size. Production applica- 
tion of gun drilling deep holes in magnesium 
is described in the following examples. 
Example 3: Gun Drilling Holes 29 Di- 
ameters Long in Brake Carriers. Eight 
holes 184 mm (7% in.) деер by 6.4 mm (4 
in.) in diameter were gun drilled in sand cast 
AZ91C-T6 alloy aircraft brake carriers 394 
mm (15^ in.) in diameter by 76 mm (3 in.) 
thick. Figure 7 shows the workpiece and the 
drilling setup. The work was mounted in a 
fixture that located it on a center bore. A 5.6 
kW (71% hp) deep-hole drilling machine and 
a carbide-tip gun drill with a top rake of 10°, 
a side clearance angle of 15°, and a chip 
breaker were used. The workpiece was in- 
dexed at each of eight locations to drill the 
required holes. The cutting fluid and the 
pressure of the gun drill cleared the chips. 
Further details are given with Fig. 7. 


Reamers for magnesium should have few- 
er flutes than those used for most metals in 


order to provide more chip space. Reamers 
under 25 mm (1 in.) in diameter usually have 
four or six flutes. There should be an even 
number of flutes with opposing cutting edg- 
es spaced at 180° (Fig. 8). 

Reamers for machining magnesium usu- 
ally have 45° chamfer, 7° rake, a 0.15 to 0.30 
mm (0.006 to 0.012 in.) margin with no 
relief, a primary relief angle of 5 to 8°, and a 
secondary relief angle of approximately 20°. 
Flutes can be straight or can have a negative 
helix of up to —10*. Reamers with either 
high-speed steel or carbide cutting edges are 
suitable for magnesium; the choice depends 
on the number of holes to be reamed. 

Holes drilled for reaming should allow 
enough stock for the reamer to take a defi- 
nite cut (a minimum of 0.25 mm, or 0.010 
in., from the diameter) because, with less 
stock for reaming, burnishing is likely to 
occur. A maximum allowance of 0.38 mm 
(0.015 in.) on the diameter is preferred, 
although greater amounts are often re- 
moved. If too much stock is removed, chips 
will build up in the flutes and eventually jam. 
the reamer. 

Cutting speeds are generally 30 to 120 m/ 
min (100 to 400 sfm) for high-speed steel 
reamers and up to 260 m/min (850 sfm) for 
reamers with carbide cutting edges. Table 2 
lists speeds of 120 and 260 m/min (400 and 
850 sfm) for high-speed steel and carbide, 
respectively. However, these speeds are 
maximum, and in many operations the ma- 
chine used is not capable of such speeds. 
Sometimes lower speeds must be used be- 
cause of the lack of rigidity in the setup. As 
a rule, the best surface finish and the most 
accurate holes are obtained by reaming at 
high speeds and medium feeds. Feeds are 
0.13 to 0.76 mm/rev (0.005 to 0.030 in./rev), 
depending on hole size, as indicated in 
Table 2. 

In addition to reaming, holes in magne- 
sium alloy workpieces can be finished to 
close accuracy and low roughness by roller 
burnishing. Detailed information is avail- 
able in the article “Roller Burnishing" in 
this Volume. 





Counterboring 


A tool recommended for counterboring 
magnesium is illustrated in Fig. 9. A narrow 
margin of approximately 0.38 mm (0.015 in.) 
(not shown in Fig. 9). with adequate relief 
and clearance angles, allows adequate chip 
space and eliminates rubbing. Counterbores 
of many different designs are used. For 
example, the counterbore illustrated in Fig. 
10 resembles a reamer. Counterbores with 
cutting edges of either high-speed steel or 
carbide can be used, depending on the num- 
ber of holes to be counterbored. 

Speeds can often be as high as 195 m/min 
(640 sfm) for counterboring with high-speed 
steel and 490 m/min (1600 sfm) with carbide 
(Table 2). However, many machines cannot 
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Fig. 8 Re2mer design recommended for machining 
©. 9 magnesium. Dimensions in figure given in 
inches 


develop these high speeds, and lower 
speeds must be used. Feed rates are 0.13 to 
0.36 mm/rev (0.005 to 0.014 in./rey), de- 
pending on hole size and tool material. 
Recommended feeds are given in Table 2. 
Typical practice for counterboring magne- 
sium is described in the following example. 

Example 4: Counterboring Cavities in 
AZ91B Die Castings. Two cavities in the 
AZ91B die casting shown in Fig. 10 were 
counterbored to a diameter of 25.30 mm 
(0.996 in.) on a two-station nonindexing 
machine. The workpiece was placed by 
hand in the first station, and one cavity was 
counterbored while Dryseal threads were 
tapped in a cored hole. The work was then 
manually placed in the second station, and 
the second cavity was counterbored, after 
which the workpiece was ejected automati- 
cally. Both stations cycled simultaneously. 
producing one finished part per cycle. 

A six-flute carbide counterbore (Fig. 10) 
with a cam-feed head was used. A 4° dwell 
on the highest point of the cam feed pro- 
duced a smooth finish on the gasket surface 
at the bottom of the cavity, although an 
undesirable ribbon-type chip was produced. 
Fixtures were mounted at a 15° angle and 
had enough clearance to flush the chips. 
Additional operating details are given with 
Fig. 10. 
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Recommended design of tool for counterbor- 
ing magnesium 











Fig. 9 


Tapping and Die Threading 


Standard taps are adequate if production 
quantities are small and if high quality tap- 
ping is not required. When a large number 
of parts or close tolerances are involved, 
standard taps must be modified, or taps 
designed especially for magnesium must be 
used. 

Taps made of a general-purpose grade of 
high-speed steel such as MI, M7, or MIO 
are usually adequate. For long production 
runs, taps are sometimes made of T5 or 
TIS. Carbide taps are rarely used for mag- 
nesium alloys. 

Straight-flute or helical-flute taps are rec- 
ommended. The number of flutes is deter- 
mined by limiting the total land width to 
about 30% of the tap circumference. Gener- 
ally, two flutes are used for taps up to 4.8 
mm (516 in.) in diameter, three flutes for 
taps up to 19 mm (Ух in.) in diameter, and 
four flutes for taps over 19 mm (¥% іп.) in 
diameter. 

The tap design shown in Fig. | 1(a) usually 
gives good finish and accuracy. However, if 
chips jam in the hole as the tap is being 
removed, a heel rake angle of 3 to 5° is 
recommended (Fig. 11b). This heel rake 
(with no relief) provides cutting action as 
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Counterboring conditions 
Speed. at 1500 rev/min, m/min (sfm) 


Feed, mmyrev (in./rev) 
Metal removed, mm (n. 








Cutting fluid .. 






Tolerance, mm (in.) 40.000. —0.051 
(40.000, —0.002) 
Production rate, 
piecesh 414 
Counterbore life, 
piecesigrind 500 000 (1 million holes) 





Fig. 1Q Couterbored die costing (left) and counterboring tool. The two cavities in the die casting were 
9. counterbored to 25.30 mm (0.996 in.) in diameter with the six-Hute counterbore shown. The cored hole 
маз tapped while the casting was in position for counterboring of the first cavity. Dimensions in figure given in inches 
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Fig. |] Recommended tap specifications for mog- 
g. nesium machining applications. (a) Eccen- 
tric-ground tap. (b) Heel-cutling tap, а concentric tap 
with no relief. Dimensions in figure given in inches 


the tap is removed and results in a clean, 
accurately tapped hole. 

If the tap cuts oversize, the rake angle 
should be decreased, and conversely, in- 
creasing the rake angle will make the tap cut 
larger. Sometimes, taps on the high side of 
pitch-diameter tolerance are used because 
tapped holes in magnesium are likely to 
close-in slightly after the tap is removed. 
This is especially true if high tapping speeds 
have been used. 

Tapping speeds range from 23 to 53 m/ 
min (75 to 175 sfm). The lower speeds are 
used when: 


* Taps are small (because of their low 
capacity to conduct the heat of cutting) 

* No cutting fluid is used 

© The alloy is tough or abrasive 


A cutting fluid is recommended for improv- 
ing surface finish, for increasing tap life, 
and for producing accurate threads. The 
following example illustrates the production 
tapping of a cast brake housing. 

Example 5: Tapping 3%-16 UN-3B 
Holes in AZ92A. A precision tapping-and- 
threading machine was used to tap six cav- 
ities in a 76 mm (3 in.) thick brake housing 
cast of AZ92A alloy (Fig. 12). This machine 
was equipped with a rapid-reversing drive 
motor and had a tapping capacity of 9.5 to 
105 mm (% to 4% in.) diameter, a maximum 
spindle stroke of 140 mm (5% in.), a maxi- 
mum tapping stroke of 89 mm (3/2 in.), and 
16 forward and 8 reverse spindle speeds. 

The holding fixture, a rectangular, box- 
like unit enclosed on all sides except the 
front, was mounted on the machine table so 
that a precision-bored hole in its top plate 
was aligned with the machine spindle. The 
workpiece was loaded and unloaded 
through the front of the fixture. A bar clamp 
held the workpiece loosely under the top 
plate. A radial locator plug was inserted 
through the hole in the top plate into the 
first cavity of the workpiece to align the 
cavity with the machine spindle. The work- 
piece was then clamped securely in posi- 
tion, and the radial plug was removed be- 


AZ92A 


i Tapping six cavities in o 76 mm (3 in.) 
Fig. 12 курош broke housing 


fore tapping was started. This procedure 
was repeated for each cavity. 

Solid, adjustable holders capable of ac- 
commodating thread chasers ranging from 
33 to 105 mm (1516 to 4% in.) in major 
diameter were used. For this operation, a 
chaser with a 22° chamfer and a 33° hook 
was best for producing the 314-16 UN-3B 
threads required for each cavity. Oil was 
used as cutting fluid. 

Machining time (including loading and 
unloading) was 11.76 min per piece; produc- 
tion rate was 5.10 pieces per hour. Tool life 
was about 100 pieces per grind. Tool change 
and adjustment required | h. 

Cold form tapping (see the article ""Tap- 
ping" in this Volume) is not recommended 
for magnesium, unless a 45% thread will 
have enough holding power for the applica- 
tion. Attempting to form a fuller thread is 
likely to cause embrittlement and subse- 
quent spalling of the metal. 

Because of the excellent machinability of 
magnesium, the life of thread-cutting taps is 
usually greater than that for other metals. 
Therefore, the only advantage of using the 
cold forming methods is to eliminate the need 
for removing chips from the tapped hole. 

Die Threading. Threading dies for mag- 
nesium should have approximately the 
same cutting angles as taps. A cutting edge 
relief of 0.10 mm (0.004 in.) is generally 
recommended, although there are applica- 
tions that require extremely good surface 
finishes and high accuracy. Under these 
conditions, a 3° rake angle of the heel side of 
the land will clean up the thread when the 
die is removed. Self-opening dies help to 
provide smooth threads. Cutting angles of 
chasers for die threading should be about the 
same as those on single-point turning tools. 


Multiple-Operation 
Machining 


When magnesium is being machined in 
multiple-operation bar or chucking ma- 
chines, the maximum speed of the machine 
is usually permissible (see the section “*Au- 


tomatic Lathes" in the article "'Multiple- 
Operation Machining" in this Volume). 
Heavy feeds are preferred because they 
produce well-broken chips; feeds 40% high- 
er than those used in machining free-cutting 
brass are common. Feeds of 0.38 mm/rev 
(0.015 in./rev) produce short coils; below 
this rate, chips are likely to be long coils or 
ribbons. 

Alloy AZ3IB is preferred for multiple- 
operation bar machining, although any of 
the other extruded magnesium alloys can be 
cut satisfactorily. The use of a mineral oil 
type of cutting fluid is recommended. Tools 
used for cutting magnesium in multiple- 
operation machines require little if any 
modification from those used for brass or 
those used for single operations discussed. 
in this article. 


Milling cutters for magnesium should 
have fewer teeth than conventional cutters 
used for steel or other metals—preferably 
only one-half to one-third as many. The 
larger chip space and the heavier cut result- 
ing from the smaller number of teeth reduce 
the frictional heat and increase the chip 
clearance. and this leads to higher speeds, 
decreased distortion, lower power con- 
sumption, and smoother finish. Milling cut- 
ters for magnesium commonly have a 10° 
relief angle, 1.6 mm (Ив in.) land width, and 
a 20° secondary clearance (Fig. 13a). 

Solid Cutters. Figure 13 shows tool an- 
gles for five types of solid cutters for milling 
magnesium. Form cutters have a much 
smaller rake angle than plain cutters be- 
cause the heavier cutting pressure of form 
cutters would cause chatter if a larger rake 
angle were used. Details of an inserted- 
blade cutter for face milling are shown in 
Fig. 14. 

Operating Conditions. Under ordinary 
circumstances, magnesium alloys can be 
milled with standard equipment at maxi- 
mum spindle speeds and with a feed rate 
and depth of cut as great as the capacity of 
the machine permits. As a rule, the only 
reason for using slower speeds is that higher 
speeds are likely to cause high residual 
stresses in the work metal. 

Nominal speeds, feeds, and depths of cut 
used for the face, peripheral, and end mill- 
ing of magnesium alloys are given in Tables 
3 and 4. Equipment and operating condi- 
tions employed in the milling of magnesium 
alloy parts are described in the following 
example. 

Example 6: Peripheral Milling of an 
Irregularly Shaped ZK60-T5 Forging. A 
279 mm (11 in.) diam carbide-tip side-mill- 
ing cutter was used on a vertical milling 
machine to produce a slot 38.89 mm (1.531 
in.) wide in an irregularly shaped forging. 
The workpiece and setup are shown in Fig. 
15. The milling machine, which had an 11 
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Table 3 Nominal speeds and feeds for the face and peripheral (slab) 


milling of magnesium alloys 




















Roughing Finishing 
46.35 mm, or 0.250 in., depth) 10.64 mm, or 0.025 in., depth) 
Speed Feed — — Speed Feed 
Operation umi toa! smash too Gamin эщ sh алш 
Face milling, high-speed steel cutters 900 — 0,56 0.002 460 1500 036 004 
Face milling, carbide cutters... max 064 0.025 тах max 0.30 0.012 
а 900 046 оок 395 1300 04I 0.016 








Table 4 Nominal speeds and feeds ѓо! 
alloys 


r the end milling of magnesium 














[— Speed —31 — Fecd, mm/tooth (in. tooth), cutter diameter af: — 
Operation Len sfm 4 mm (t in) 19 mm (34 in.) 25-50 mm (1-2 in. 
High-speed steel cutters 
Roughing(a) 245 800 0.10 (0.004) 0.23 (0.009) 0.28 (0.011) 
Finishing(b) 305 1000 0.08 (0.003) 0.13 (0.005) 0.20 (0,008) 
Carbide cutters 
Roughingía) ............... max max 0.10 (0.004) 0.25 (0.010) 0.30 (0.012) 
Finishing(b) sess MAX max 0.08 (0.003) 0.13 (0.005) 0.23 (0,009) 


(a) 1.27 mm (0050 in.) depth. (b) 0.38 mm (0.015 ín.) depth 





kW (15 hp) motor and 451 mm (17¥4 in.) 
throat clearance, was capable of spindle 
speeds of 13 to 1300 rev/min and table feeds 
of 6.4 to 1520 mm/min (% to 60 in./min). 

The workpiece was clamped in a fixture 
that was mounted on a powcr-driven 610 
mm (24 in.) turntable on top of the machine 
table. The fixture registered on the machine 
face and the bore of the workpiece, as 
shown in Fig. 15. Angular rotation of the 
turntable was 116°. 

The forging weighed 7.03 kg (15.5 Ib) 
before machining and 5.48 kg (12.1 Ib) after 
machining. Tools were changed when they 
were worn enough to produce surface 
roughness greater than 2.5 pm (100 pin.). 
Additional processing details are given in 
Fig. 15. 





Sawing 


Magnesium can be cut readily with hand 
or power saws. Because only low cutting 
pressure is required, large cuts can be tak- 
en. This means that saws must have large 
chip spaces for a free cutting action. Too 
small a chip space rapidly loads the teeth 
and causes the saw to ride over the work. 
The set of the teeth on band saws and 
hacksaws must be relatively circular saw 
teeth. Relief angles on the tecth of circular 
saws must be adequate to minimize fri 4 
Designs of circular saws, band saws, and 
power and hand hacksaws are summarized 
in Table 5. Blades of circular saws may be 
made of high-speed steel or may have car- 
bide inserts. 

For the general cutting of magnesium 
plate, the saw teeth should have square 
tops with the face either straight or tilted 
5°, with an alternate bevel (Fig. 16). For 
slotting operations, a triple-chip blade with 
alternating chamfered roughing teeth and 











square finishing teeth is used to provide 
both cutting and clearing of the slot. Fig- 
ure 17 shows the design of teeth for a 305 
mm (12 in.) diam slotting saw with 72 
teeth, 

Speed and Feed. For circular saws, high- 
speed steel blades are limited to a peripheral 
speed of 610 m/min (2000 sfm); carbide-tip 
blades can be operated at speeds as high as 
3000 m/min (10 000 sfm). Magnesium re- 
quires only one-tenth the power required 
for sawing soft steel. A 305 mm (12 in.) 
carbide-tip blade of proper design can cut 25 
mm (1 in.) thick plate at 6.4 linear т (250 
linear in.) per minute. 

Power hacksaws are commonly used for 
sawing magnesium and can be operated at 
speeds as high as 160 strokes per minute, 
using a feed of 0.38 mm (0.015 in.) per 
stroke. Power band saws are commonly 
operated at 365 m/min (1200 sfm). 


Grinding 


It is seldom necessary to grind magne- 
sium, because machining produces good 
finishes. Surface roughness measurements 
of 0.075 to 0.125 ро (3 to 5 ріп.) have been 
produced on magnesium machined with di- 
amond-tip tools. Surface finishes of 0.25 to 
0.75 um (10 to 30 pin.) are common with 
standard tooling. When required, magne- 
sium can be ground by any method. 

Aluminum oxide grit is most widely used, 
although silicon carbide has also proved 
successful in many grinding applications. A 
relatively coarse grit is usually best; the 
surface finish is controlled mainly by the 
rate of feed, as in grinding most other met- 
als. Wheels of hardness J or K are most 
commonly used. Most wheels for grinding 
magnesium have vitrified bond, although 
resinoid-bonded wheels are sometimes 
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Cutter details 


Peripheral cutting edge angle . - 
Face relief апше. í 
Radial rake angle 

Face cutting edge angl 
Peripheral relief angle 
First peripheral relief angle...... 
Second peripheral relief angle . . 








Operating conditions 







Speed, at 1074 rev/min, m/min (sfm) .. 945 (3100) 
Feed, mm/tooth (in./tooth) 0.13 (0.005) 
Cutting fluid None 


+0.13 (20.005) 
2.5 (100) тах 

+ 4.36 

.25-36 

. 200-250 


Surface finish, um (pin). 
Production rate, pieces/h 
Downtime for changing cutters, min. 
Cutter life, pieces/grind . 








15 Miling of an irregularly shaped forging. 
g. Dimensions given in inches 





used. Typical conditions for grinding mag- 
nesium are given in Table 6. 


Safety 


The available information on safety in 
handling magnesium should be reviewed, 
including National Fire Protection Associ- 
ation (NFPA) standard NFPA 480 
"Storage, Handling and Processing of 
Magnesium." Safety procedures should be 
fully understood by supervisors and oper- 
ators before the machining of magnesium 
begins. Because the greatest danger in 
working with magnesium is complacency, 
proper machining practice and safety in 
handling magnesium should be reviewed 
frequently as part of an ongoing safety 
program. Continuous adherence to proper 
safety procedures is critical to the success- 
ful machining of magnesium. This section 
will discuss safety as it relates to machin- 


Table 5 Saws for cutting 
magnesium alloys 





Circular saws 
Pitch, teeth/25 mm (1 
Tooth set 
End relief angle 
Side relief (HSS saws) 
Clearance angle. 










2.0-15 (0.080-0.600) 
Band saws 


Pitch, teeth/25 mm (1 in.) 
Tooth set, mm (in.) 
End relief angle 


46 
0.51-1.27 (0.02-0.05) 
10-12 





Clearance angle .. 20-30 
Power hacksaws 
Pitch, teeth/25 mm (1 іп.)..... 2 


26 
0.38-0.76 (0.015-0.030) 
20-30“ 


Tooth set, mm (in.) 
Clearance angle... . 











Hand hacksaws 
Pitch, teeth/25 mm (1 in.) ..... 12-18 
Clearance angle... . 20-30 





ing (with emphasis on grinding), handling 
of chips and fines, and fire extinguishing. 


Machining 


‘The magnesium chips and fines produced 
during machining operations can present a 
fire hazard. The likelihood of igniting mag- 
nesium chips and fines can be reduced by 
following the recommended machining 
practices given previously. Magnesium al- 
loys must be heated to near the melting 
point before ignition can occur, although 
thin edges and fine particles are more easily 
ignited. In roughing operations, it is very 
difficult to attain such temperatures be- 
cause the thermal conductivity of magne- 
sium allows rapid dissipation of frictional 
heat. Rough cuts and medium finishing cuts 
produ ips of a size that cannot. be 
readily ignited during m 















fines with high ' surface-to-volume rati 
produced, temperatures high enough for 
ignition can be reached. 

Factors that will produce such tempera- 
tures include very fine feeds or cuts, exces- 
sive dwell, dull or chipped tools, tools with 
small relief angles and small chip space, and 
high cutting speeds in the absence of a 
cutting fluid. Stopping the feed and letting 
the tool dwell before disengagement or let- 
ting the tool or toolholder rub on the work 
can produce a combination of fine chips and 
excessive frictional heat. When cutting 
must be interrupted, the tool should be 
backed away from the work to prevent 
excessive heat buildup. The combination of 
high speeds and excessive drag with the 
production of small particles in a fine cut is 
particularly hazardous. 

Sharp tools with ample clearance will 
reduce the possibility of heat buildup. 
Coarser feeds, deeper cuts, and lower 
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Design of о 72-tooth high-speed steel or 
Fig. 17 ccrbide-tip circular saw for slotting mog- 
nesium. Dimensions given in inches 


speeds will have a similar effect. A mineral 
oil based cutting fluid is recommended in 
applications in which fine feeds and cuts 
and high speeds are essential, that is, 
speeds above 180 to 215 m/min (600 to 700 
sfm) in combination with feeds of less than 
0.25 mm/rev (0,010 in./rev). Under the most 
adverse conditions, which would be the use 
of dull tools and fine feeds, the chances of 
chip ignition are reduced at speeds below 
about 120 m/min (400 sfm). 

In machining cast magnesium parts with a 
cast-in-place insert of a dissimilar material 
such as a ferrous metal, sparking may occur 
when the tool strikes the insert. The hazard 
presented by this sparking is minimized by 
the use of a mineral oil based cutting fluid. 

The most important precaution in pre- 
venting the spread of a magnesium fire is to 
avoid the accumulation of magnesium chips 
or turnings around, under, or on machines. 
The spreading of a fire will be minimized if 
the quantity of chips near the machine is 
small. Machines and work areas should be 
kept clean; dry magnesium chips should be 
stored in plainly labeled, covered noncom- 
bustible containers. Wet magnesium chips 
and fines arc particularly hazardous (see the 
section "Handling of Chips and Fines" in 
this article). Machinists should not wear 
coarse-textured or fuzzy clothing, and 
chips, filings, and fine dust should not be 
allowed to accumulate in cuffs or pockets. 
Good magnesium machining practice in- 
cludes the following: 








Table 6 Typical wheels and 
grinding conditions for magnesium 
alloys 





Surface grinding 


Wheel classification ......... А-46-К-У 
Wheel speed, m/min (sfm).... 1675—1980 (5500-6500) 
Table speed, m/min (sfm) 15-30 (50-100) 
Downfeed per pass, mm (in.) 
Roughing esee 0,076 (0.003) 
i 0.025 (0.001) 





Crossfeed per pass .. 1A wheel width 


Cylindrical geinding 





Wheel classification .. C46-V 
Wheel speed. mimin (sfm)... 1675-1980 (5500-6500) 
Work speed. m/min (sfm) 46 (150) 
Infced per pass, mm (іп) 

Roughing 0.051 (0.002) 

Finishing . 0.013 (0.0005) 
Traverse per work re 

1 wheel width 





е Y. wheel width 
Centerless grinding. 


Wheel classification 
Wheel speed, mimin (sfm). . 
Infeed per pass, mm (in.) 


C-60-K-V or A-60-J-V 
1675—1980 (5500-6500) 





Roughing. 0.13 (0.005) 
Finishing . ... 0.38 (0.0015) 
Work feed. mm/min. (ins тп) 1270 (50) 
Regulating wheel . Merevimin rotation: 3° 
angle 
Internal grinding 
Wheel classification ......... A-M-K-V 
Wheel speed. m/min (sfm)... 1525-1980 (5000-6500) 
Work speed, m/min (sfm) .... 24-49 (80-160) 
Infeed per pass, mm (in) 
Roughing 2 0.076 (0,003) 
Finishing . + 0.0051 (0.0002) 
Traverse per work revolution 
Roughing. . J^ wheel width 
Finishing . % wheel width 





* Keep all cutting tools sharp and ground 
with adequate relief and clearance angles: 
avoid using dull, chipped, or broken tools 

* Use heavy feeds to produce thick chips 

* Avoid fine feeds, and do not permit the 
tool to dwell on the work 

* When taking fine cuts, use a mineral oil 
coolant to reduce heat buildup 

* Avoid striking the tool on iron or steel 
inserts in the magnesium part 

* Practice good housekeeping 

* Smoking or open flames should not be 
allowed in the machining area 

© Keep an adequate, plainly labeled supply 
of recommended fire-extinguishing mate- 
rials within reach of all machine opera- 
tors, and be sure operators are trained in 
their use (see the section "Fire Extin- 
guishing" in this article) 


Grinding. Magnesium dust ignites readily 
and may explode if ignited while suspended 
in air. Every precaution should be taken to 
ensure the proper collection and disposal of 
magnesium grinding dust. 

Belt or disk sanders for the dry grinding 
of magnesium should be designed so that no 
sparking will take place if a belt or disk 
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breaks and strikes a bolt, nut, or any metal 
part that might cause a spark. The shield 
surrounding the grinding operation should 
be constructed of a nonsparking material 
and should be designed for easy opening to 
permit daily, or more frequent, removal of 
grinding dust. 

The dust produced by the dry grinding of 
magnesium must be immediately removed 
from the work area with a properly designed 
wet-type dust collection system. Proper 
systems precipitate the magnesium dust us- 
ing a heavy spray of water and should be 
designed so that dust or sludge cannot ac- 
cumulate and dry out to a flammable state. 
The best dust collectors are small units 
serving one or two grinding stands. Short, 
straight ducts should connect the grinder to 
the collector. Self-opening vents prevent 
the collection of hydrogen during shut- 
down. The power supply to the grinders 
should be interlocked with the exhaust 
blower motor and the liquid level control- 
ler of the wet collector so that a malfunc- 
tion of the dust collection system will shut 
down the grinding machine it serves. A 
time delay switch or equivalent device 
should be provided on the grinder to pre- 
vent start-up of the motor drive until thc 
wet collector is in complete operation and 
several changes of air have swept out any 
residual hydrogen. Dust collectors should 
be kept clean and should be vented to the 
outdoors. The magnesium-water sludge 
should be frequently removed from the 
collector to prevent excessive accumula- 
tion. The sludge should be kept under 
water until disposal. 

Grinding and polishing booths in which 
the work is done on a grating should follow 
the same principles of dust collection. The 
air in the hood flows past the work through 
the grating and through a water spray, 
which removes the dust. Booths should be 
designed to catch a maximum amount of 
dust, keeping it off the floor and worker's 
clothing. The power supply to the portable 
grinders should be interlocked with the 
booth dust collection system in the manner 
described above for grinding stands. 

Good housekeeping is essential for the 
safe grinding of magnesium. Daily inspec- 
tion and cleaning of the duct between the 
grinding wheel and the collector, as well as 
thorough cleaning of the entire dust collect- 
ing unit at least once a month, is mandatory. 
Magnesium dust should not be allowed to 
accumulate on benches, windows, pipes, or 
other horizontal surfaces. If there is any 
evidence of dust accumulation, the collec- 
tion system is not functioning properlv. 

Connecting a number of dust-producing 
units to one exhaust system is not recom- 
mended. Central collection systems, which 
pass the dust through long, dry, or partly 
dry ducts and conventional dry-type filter 
collectors are not suitable for magnesium 
dust collection. 








If magnesium is to be ground wet on a 
belt sander or disk grinder, sufficient cut- 
ting fluid should be used to collect all the 
dust and to convey it to a collection point. 
The dust should always be kept wet with a 
copious supply of fluid, and no dry or damp 
dust should be allowed to collect on the 
machine. Mineral oil can be used as the 
cutting fluid. The sludge formed by the 
mixture of magnesium dust and cutting fluid 
should be disposed of according to applica- 
ble regulations. The following precautions 
are recommended for magnesium grinding 
operations. 





* Grinding equipment should be reserved 
for magnesium and should be plainly la- 
beled “Magnesium Only." Before wheels 
are dressed, the dust collector should be 
thoroughly cleaned 

* The grinding of chromium-pickled mag- 
nesium surfaces can cause sparking; 
therefore, dust or air-dust mixtures must 
not be allowed to accumulate near such 
sparks 
Operators of grinding equipment should 
wear smooth caps, smooth gloves, and 
smooth fire-retardant clothing without 
pockets or cuff. Aprons or protective 
clothing should be easily removable and 
should be kept free of dust 

Warning signs should be prominently dis- 

played in order to prevent unnecessary 

fire hazards 


Handling of Chips and Fines 

Dry chips should be placed in clean, 
tightly closed steel containers and stored 
away from possible contact with water, 
Clean, dry magnesium chips generally have 
resale value. 

Wet chips or sludge should be stored in 
vented steel containers in a remote location. 
Venting must be sufficient to allow the 
escape of hydrogen. Tightly covered con- 
tainers of wet chips and fines are particular- 
ly hazardous because of the possible accu- 
mulation of hydrogen in a small, confined 
space. Wet chips and sludge must be dis- 
posed of frequently and never stored for 
long periods or allowed to become partially 
dry. Containers should be kept full of water 
until disposal is arranged. Partially dry 
chips and sludge are extremely flammable 
and may ignite spontaneously. 

Magnesium chips, fines, or sludge can 
be rendered noncombustible by reaction 
with a 5% solution of ferrous chloride 
(FeCly-2H,0). This process is outlined in 
standard NFPA 48-1974 and in the "NFPA 
Fire Protection Handbook." Reference 
should be made to these publications before 
using the treatment. (The ferrous chloride 
treatment method was apparently inadvert- 
ently omitted from the NFPA 48-1982 and 
NFPA 480-1987 editions of the standard.) 
Before implementing procedures and pro- 
cesses that use ferrous chloride solutions to 
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chemically treat wet magnesium chips, 
fines, or sludge, all applicable federal, state, 
and local laws, regulations, and permit pro- 
cedures must be considered. 

The rate of the ferrous chloride reaction 
is such that, within 24 h, the magnesium is 
usually sufficiently converted to magnesium 
hydroxide and magnesium chloride that the 
residue will not burn. Because hydrogen is 
generated by the reaction, the process 
should be done in an open container placed 
outdoors so that natural air movement will 
prevent dangerous accumulations of hydro- 
gen. Open flames and smoking should be 
prohibited near the process. The amount of 
ferrous chloride required to carry out the 
decomposition is approximately 0.6 kg/kg 
(0.6 Ib/Ib) of dry magnesium. The amount of 
water in the sludge should be considered 
in determining the amount of water needed 
to make up a 596 solution. The cycle can 


be repeated daily in the same container un- 
til it is necessary to clean out the brown, 
damp residue. The reactivity of the residue 
should be determined in accordance with 
applicable disposal regulations. Informa- 
tion on the safe handling of ferrous chlo- 
ride should be obtained from the supplier 
of the material. 





Fire Extinguishing 

Two powders, both Underwriters Labo- 
ratorics listed, are available for extinguish- 
ing magnesium fires: 


* G-1, an inhibited graphite-base powder 
* Met-L-X, a sodium chloride-base pow- 
der 


These powders smother the fire by exclud- 
ing oxygen. Both powders are available in 
pressurized canister-type fire extinguishers. 
The С-1 powder is also available in bulk 


form suitable for scooping or shoveling onto 
a fire. A magnesium machine shop should 
have both types of powder on hand, with 
some of the G-1 powder in bulk. Full con- 
tainers of the recommended powders 
should be located at each machine. Opera- 
tors should be trained in the use of the 
fire-extinguishing materials, and they 
should not become alarmed at the brilliant 
white light produced when magnesium 
burns. In the unexpected absence of an 
approved extinguishing powder, clean, dry, 
rust-free cast iron chips can also be used. 
Cast iron chips cool the fire below its igni- 
tion point rather than smother it. 

Under no circumstances should water or 
any standard fire extinguisher be used to 
combat a magnesium fire. Water or other 
liquids, carbon dioxide, foam, or sand will 
react with burning magnesium and will in- 
tensify rather than control the fire. 





Machining of Zinc Alloy Die Castings 


ZINC ALLOY DIE CASTING has the 
capability of producing complex parts to 
close tolerances. Often, little or no machin- 
ing is required in finishing zinc die castings. 
However, flash formed at die parting sur- 
faces usually has to be removed, and critical 
surfaces can require machining. Holes, un- 
dercuts, and threads are commonly and 
economically produced by machining when 
they are not readily cast in because of shape 
complexities and limitations in die casting 
machines and tooling. 


Alloys 


Alloys 3 and 5 are the common hot-cham- 
ber zinc die casting alloys based on the zinc- 
aluminum eutectic at 4% aluminum. The 
third, less commonly used member of this 
Zn-4Al family is alloy 7. These alloys have 
been die cast and machined since the 1930s. 

More recently, the higher-aluminum alloys 
ZA-8, ZA-12, and ZA-27 were developed for 
die casting as well as gravity and continuous 
casting. The ZA alloys have improved 
strength and lower density than the eutectic 
alloys and offer a broader range of properties 
to zinc die casters. The alloy ZA-8 can be 
hot-chamber die cast, while cold-chamber 
casting is generally required for the higher 
melting point alloys, ZA-12 and ZA-27. 

Thus zinc die casting alloys are zinc-alumi- 
num based with aluminum contents ranging 
from 4 to 27 wt%, Corresponding ranges in 
major properties are: melting point (liquidus) 
387 to 484 °C (728 to 903 ^F); density 6.6 to 5.0 
g/cm’ (0.24 to 0.18 Ib/in.?); hardness, 80 to 120 
HB; and tensile strength 280 to 440 MPa (41 
to 64 ksi). The machining behaviors and rec- 
ommendations for machining are quite similar 
for die castings of all of these alloys. 


Machinability 


Zinc alloy die castings give good machin- 
ing performance over a wide range of ma- 
chining conditions. High-quality surface fin- 
ishes can be achieved at good machining 
rates. Tool wear and cutting forces are 
lower than for most other metals. Good 
(discontinuous) chip formation is common 
in machining zine die castings. 

Cutting fluids should be applied gener- 
ously to the tool-workpiece contact area. Dry 
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machining is not recommended, but is prac- 
ticed successfully in some cases when small 
amounts of metal are removed. Emulsifiable 
oils mixed with water (ratio 1:20 to 1:10 for 
heavy cutting) are preferred to oil-base fluids 
because of their superior cooling characteris- 
tics. Cutting fluids are important for surface 
quality, accuracy, chip formation, tool life, 
and prevention of burr formation and built-up 
edge (or tool-workpiece welding). 

Built-up edges lead to deterioration in 
finish and accuracy. In severe cases, flute 
loading and tool fracture can occur. Built- 
up edges can be prevented by reducing 
friction and heat generation at the rake and 
clearance surfaces adjacent to the cutting 
edge. Sharp tools, proper rake and clear- 
ance angles, polished tool surfaces, and 
properly balanced feeds and speeds help 
prevent the occurrence of tool-workpiecc 
welding. Cutting fluids help both by lubri- 
cating the tool surfaces and by cooling the 
tool and workpiece. 

Cutting Tools. In general, high-speed 
steel tools are suitable. Carbide tools are 
preferred by some for high-volume, heavy 
machining at high speeds if the higher tool- 
ing costs are offset by longer tool life and 
higher production rates. Cutting edges 
should be sharp, and rake and clearance 
faces should be positive (for example, 10°) 
and finely ground or polished to reduce 
friction and heat generation. Fluted tools 
(drills, taps, and so forth) should have large, 
polished flutes to minimize friction and as- 
sist in ejecting cutting wastes. Tool and 
workpiece holding systems should be rigid 
for good surface quality and accuracy. 

Hard Spots. In the higher-aluminum al- 
loys, ZA-27 and (to a lesser extent) ZA-12, 
severe tool wear can occur if hard iron-alumi- 
num particles (FeAl, intermetallics) are al- 
lowed to form and enter the die cavity during 
melting and casting. This can be prevented by 
keeping iron impurity levels within specifica- 
tion and avoiding low melt holding tempera- 
tures. The intermetallic particles are buoyant 
in the molten alloys, and thus bath surface 
skimming is recommended prior to casting. 














Turning and Boring 


Turning Tool Angles. For turning tools of 
high-speed steel or cast cobalt alloy, back 


and side rake angles of 5 to 15° (10° typical) 
are recommended. End relief angles should 
also be about 10°, large enough to prevent 
drag on the heel of the tool. When side 
cutting is involved, a side relief angle of 4° is 
recommended. 

With carbide turning tools (in which the 
carbide tip must be rigidly supported), the end 
relief angle should be reduced to about 8°, and 
the back rake should be within the range from 
5 to 10°. The side cutting-edge angle may be 
from 10 to 20°, but this is not critical. The end 
cutting-edge angle is commonly in the range 
of 5 to 10°. The nose of the tool is rounded to 
a maximum of 0.8 mm (2 in.) radius. Figure 
1 shows the basic carbide-tipped tool for 
turning zinc alloys. For best accuracy, the 
tool should be set horizontal and on center, or 
slightly below center. 

Turning Speeds and Feeds. For rough- 
ing cuts using high-speed steel or cast alloy 
tools, a speed of 60 m/min (200 sfm) is 
recommended. For finishing, this speed 
may be increased to 120 m/min (400 sfm) or 
higher. When using carbide tools, speeds of 
120 to 180 m/min (400 to 600 sfm) are 
common, and range as high as 240 m/min 
(800 sfm) after experience is gained on a 
specific job. 

Feeds of 0.13 to 0.25 mm/rev (0.005 to 
0.010 іп./геу) are most commonly used, 
mainly because cuts taken on die castings 
are usually light. When heavier cuts must be 
taken, higher feeds are feasible. 
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Fig. 1 Lothe tool with carbide inserts 
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Boring. For boring tools, rake and relief 
angles are usually about the same as for tools 
used in turning. The same tool materials, 
speeds, and feeds can be employed. As in 
other machining operations on zinc alloys, 
light cuts and high speeds are recommended 
and commonly used to avoid seizure. 

Diamond tools are infrequently used for 
boring zinc die castings, although they pro- 
duce surfaces of exceptional smoothness, 
and when a precision machine is used, 
extreme accuracy can be held. Diamond 
tools are expensive and must be lapped, but 
when properly applied, they can bore many 
thousands of holes without relapping. Much 
higher speeds (for example, 300 m/min, or 
1000 sfm) are feasible with diamond tools, 
but feed rates are lower (for example, 0.13 
mmyrev, or 0.005 in./rev), and intermittent 
cuts should be avoided. 

Tool and toolholders must be as rigid as 
possible in boring to prevent chatter and to 
maintain accuracy. Care must be taken in 
small-diameter bores to provide an ade- 
quate volume of cutting fluid to the cutting 
area and to ensure that clearance exists 
between the bore surface and all parts of the 
tooling away from the cutting edge. 





Drilling is the most widely used operation 
in the machining of zinc die castings. Holes 
may be produced in their entirety by drill- 
ing, or cored holes may be deepened or 
enlarged. Cored holes, depending upon 
their depth and draft, may be drilled prior to 
tapping to remove drafts for more uniform 
threads. Fast-spiral or polished general-pur- 
pose jobber drills made of high-speed steel 
are generally recommended. Carbide-tipped 
drills can also be used. Cutting fluids should 
also be applied generously. 

Drill Design. The standard 118° point 
angle is generally recommended (Fig. 2a); 
for special work, this angle may be varied 
from 90 to 136°. The flatter points are used 
to minimize runout when drilling heavy 
sections of castings in which porosity may 
be encountered. The sharper points are 
used to minimize burr formation after 
breaking through a section. 

A lip clearance angle of 12° works satis- 
factorily in most drilling (Fig. 2b), but is 
often increased to 15°, and in at least one 
instance a lip clearance of 20° proved to be 
advantageous. In another application, a 
gradual increase of the lip clearance angle 
toward the center of the drill was the best 
configuration. The chisel edge angle should 
be 120 to 135° (Fig. 2c). 

The fast-spiral drill geometry is designed 
for softer, nonferrous metals and is pre- 
ferred for zinc die castings. Features of this 
drill include: a thin web, large polished 
flutes, and a large back rake angle. These all 
help prevent galling and improve chip ejec- 
tion. Drill strength is sacrificed in thin-web 
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Fig. 2 drill angles for drilling zinc die castings 


drills, and if drill breakage is a problem, the 
general-purpose jobber drill (polished) can 
be used. Web thinning at the drill point can 
be effective on heavier-web drills, but care 
must be taken in grinding to keep the proper 
tip geometry and to maintain polished sur- 
faces. 

One large producer of machined die cast- 
ings recommends two-flute drills up to 6 
mm (‘4 іп.) in diameter, three-flute drills 
in 6 to 9.5 mm (М to 3/8 in.) sizes, and 
four-flute drills for all work above the 9.5 
mm (% in.) diam. One manufacturer of drills 
recommends that two-flute drills be used for 
all drilling of new holes and that three or 
four flutes be used for enlarging holes. 
These two recommendations are not neces- 
sarily consistent, because cored holes are 
often less than 6 mm (М in.) in diameter. 
Drilling practice varies considerably among 
different shops. 

The slow-spiral drill geometry. like the 
fast-spiral design, has large polished flutes 
and a thin web. The flute helix angle is 
much lower, resulting in a lower rake angle 
and different chip removal characteristics. 
The slow-spiral drill can provide good re- 
sults in shallow holes or when grabbing is a 
problem with the higher-helix drill designs. 

Carbide-tipped drills are sometimes used 
for long runs if the higher initial and regrind- 
ing costs can be offset by longer tool life and 
higher speeds. Details of such a drill are 
shown in Fig. 3. 

Speeds. Speeds of 60 to 90 m/min (200 to 
300 sfm) are generally satisfactory for high- 
speed steel drills. One plant reports a speed of 
12 000 rev/min (180 m/min, or 580 sfm) in 
drilling deep holes 5 mm (36 in.) in diameter, 
but this rate is much higher than normal. 

Feeds are: 
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Fig. 3 Cabide-tipped drill for high-production 
19. 5 Grilling of zinc castings. Dimensions given in 


inches 


Dwells in feed should be avoided, 

Deep-Hole Drilling. For deep holes 
(depths greater than 6 times the drill diam- 
eter), speeds and feeds should be reduced 
by up to 50%. Intermittent withdrawal is 
helpful to clear cutting wastes and to allow 
cutting fluids to reach the drill tip. 


In zinc die castings, holes are often cored 
to reaming size, thus eliminating the need 
for drilling. However, reaming predrilled 
holes is also common. Reamers made of 
solid high-speed steel are commonly used. 
High-speed steel reamers have produced 
30 000 reamed holes before being resharp- 
ened, although more frequent sharpening is 
usually required, Reamers with inserted 
blades of either high-speed steel or carbide 
are also used for reaming zinc, provided the 
size of the holes to be reamed permits insert 
construction. The generous application of 
cutting fluid is also important in reaming 
zinc die castings for dimensional accuracy 
and surface finish. 

Some work is permitted to float during 
reaming to avoid drift of the hole. The 
uniform cutting action of the reamer holds 
the center fixed 

Reamer Design. The common six-fluted 
machine reamer design is generally recom- 
mended for zinc die castings. Both right- 
hand spiral-fluted and straight-fluted geom- 
etries arc acceptable. Spiral-fluted reamers 
are required for holes having keyways or 
similar irregularities. Spiral-fluted reamers 
tend to assist in the removal of cutting 
wastes and prevention of flute loading. 
Rose reamers are not recommended. 

Deep flutes are recommended to allow 
sufficient chip space. The polishing of flutes 
aids in preventing built-up edges. The chro- 
mium plating of reamer flutes after polishing 
has also helped prevent built-up edges. 

Sharp cutting edges are necessary for 
successful reaming of zinc alloys. The faces 
of flutes are usually made radial (zero rake), 
and the clearance angle behind the land 
generally approximates 10°. A back taper 
from nose to shank of about 0.025 mm 
(0.001 in.) is generally used. 

Some standard reamers have a land that 
is too wide for best results in zinc die 
castings. A 0.38 mm (0.015 in.) land width is 
common, but this is often ground down to 
0.13 to 0.18 mm (0.005 to 0.007 in.) to aid in 
the prevention of built-up edges and to 
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i Combination tool for reaming a two-step 
Fig. 4 ше and spotfacing a valve seat. Dimensions 
given in inches 


reduce the amount of burnishing and gener- 
ated heat. If heating is sufficient to cause 
the hole to expand, the hole may be too 
small after the reamer has been removed 
and the workpiece has cooled. 

The hole diameter should be approxi- 
mately 9746 of the reamer diameter before 
reaming. If at least 0.8 mm (V2 in.) of metal 
is to be removed by reaming, one procedure 
is to grind a stepped portion at the end of 
the reamer about 0.13 mm (0.005 in.) small- 
er than the body of the reamer. The step 
cuts away most of the metal, leaving the 
body portion to size the hole with a light 
cut. This practice, however, may cause 
excessive reamer wear. 

Stepped reamers are used for simultane- 
ously reaming a number of bores in stepped 
holes. Reamers are sometimes combined 
with spotfacing tools. Figure 4 shows a 
combination tool used for two-step reaming 
and the simultaneous spotfacing of a 3° 
conical valve seat. 

In reaming, most of the cutting is done by 
the reamer nose, which is chamfered to 
provide a lead. This chamfer is usually 45°. 
Once the initial grinding of the flutes and 
lands is correct, little other grinding is re- 
quired except at the lead end, although a 
very light cut may be taken off the radial 
face of the flutes. In grinding the lead cham- 
fer, a clearance angle of about 10° is recom- 
mended. 

For holes large enough to permit the use 
of inserted-blade reamers, this type is usu- 
ally preferred, but blades should be firmly 
supported. The blade can be shaped to 
perform a simultaneous facing operation at 
the bottom or at the top of the hole. 

Speeds and Feeds. Wide ranges of speed 
and feed have produced successful results 
in reaming zinc. Optimum speeds and feeds 
are usually determined by trial and error. 
Speeds of 90 to 120 m/min (300 to 400 sfm) 
have often been used for high-speed steel 
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reamers, and up to twice these speeds have 
been employed for carbide-blade reamers. 
Lower speeds (reduced by up to 5052) are 
recommended for critical diameters. Feed 
rates recommended for drilling are also suit- 
able for reaming in general. 


Tapping 


It is nearly always cheaper to tap than to 
cast threads around a core that has to be 
unscrewed from the casting. Only very 
coarse threads and those of special shape 
are cored. Cutting fluids should be used in 
tapping. 

Cored Holes. Holes for tapping are usu- 
ally cored in zinc die castings except when 
coring would greatly increase die cost. Be- 
cause core pins require some taper, cored 
holes are smaller at the bottom than at the 
top. Hence, unless allowance is made for 
taper or the hole is drilled or reamed before 
lapping, tap breakage or nonuniform 
threads will be produced, especially in deep 
holes. The hole diameter is usually designed 
to yield 75 to 80% of full thread after tap- 
ping. 

Tap Designs. Commercially available tap 
geometries are suitable for tapping zinc die 
castings, and special grinding is not normal- 
ly required. Spiral-point taps are preferred 
for through holes. The ends of the flutes on 
these taps are ground off at an angle, in- 
stead of being straight. This creates a side 
rake angle at the cutting edges at the end of 
the tap. The cutting wastes produced by the 
spiral-point tap are curled away from and 
ahead of the tap and do not normally enter 
the flutes. This results in clean cutting ac- 
tion as long as the collection of waste at the 
exit side of the hole can be accommodated, 
The spiral-point tap is thus not normally 
used for tapping blind holes where accumu- 
lations of chips at the bottom of the thread- 
ed holes are difficult to remove. 

For blind holes, the standard straight- 
fluted general-purpose tap geometry is gen- 
erally acceptable, but the “special alumi- 
num" tap design is preferred. This tap has 
high hook (or rake) angles such as 12 to 15° 
(Fig. 5), and greater radial clearance (or 
eccentric relief) than the standard gencral- 
purpose tap geometry. These features, to- 
gether with a slight back taper (Fig. 5). 
reduce the friction and galling when tapping 
zinc. Eccentric clearance also facilitates 
removal of the tap from the hole and reduc- 
es sticking. Sticking can also be reduced by 
grinding off or "breaking" the back corner 
of the lands at the side opposite the cutting 
edge. Right-hand spiral-fluted taps some- 
times prove to be advantageous because 
they are effective in carrying the chips out 
of the hole. However, these taps produce 
high torques, and tap breakage can occur, 
especially in small-diameter holes. 

Opinions differ as to whether the added 
cost of ground-thread taps is offset by the 
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benefits of increased tap life and more pre- 
cise threads. Ground-thread taps are often 
used because they produce smoother 
threads and minimize galling. They are rec- 
ommended when close tolerances must be 
met. For class 3 fits, the use of a leadscrew 
control is recommended. 

Generous chip clearance is mandatory for 
successful tapping. Two-flute taps for holes 
up to about 8 mm (ie in.) in diameter and 
other taps with one less flute than standard 
are commonly preferred. According to one 
large manufacturer, however, three-flute 
taps in sizes below 6 mm (Vs in.) have longer 
life than two-flute taps because less tool 
surface bears on the threads cut in the 
casting. 

For holes 30 mm (1% in.) in diameter or 
larger, adjustable or collapsible taps are 
often used to advantage. Collapsible taps 
make it easy to vary the size and fit of the 
thread and eliminate the need for reversing 
the tap. 

In selecting taps for taper pipe threads, 
the general recommendations for bottoming 
taps should be followed. Some rake and 
some relief are desirable. One maker espe- 
cially recommends interrupted-thread pipe 
taps. 

Form Tapping. Form tapping is attractive 
for small-diameter holes, for which chip 
removal and tap breakage are potential 
problems. Form taps produce threads by 
plastic deformation instead of by cutting, 
and there are no cutting wastes. Form taps 
are fluteless and much stronger than cutting 
taps. Zinc die castings arc readily form 
tapped over wide ranges of tapping condi- 
tions. 

The disadvantages of form tapping are 
higher tool costs, poorer thread shape, and 
the need for more accurate starting-hole 
diameters. Form tapping is not commonly 
practiced for lower-ductility zinc alloys 
such as ZA-27. Also. very high power is 
required for large diameters. 

Speeds. Tapping speeds up to 60 m/min 
(200 sfm) can be used for zinc die castings. 
In general, the speed should be reduced as 
the pitch of the thread decreases. 


Die Threading 


Many die castings require external 
threading. The die threading operation may 
be only for breaking fins and cleaning up a 
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cast thread at the die parting line. Die 
threading may also be used to produce full 
threads on studs or projections where the 
casting of threads is not feasible. Because 
zinc alloys are easily machined and chasing 
is likely to be needed anyway, it is often 
more economical to cast the stud or projec- 
tion to threading size and then to chase the 
full thread rather than to cast rough threads 
that still require chasing to obtain accept- 
able results. Cutting fluids are recommend- 
ed. 

Dies. Threading can be done successfully 
with button or acorn dies in small sizes, but 
for sizes larger than 6 mm (М in.), chaser 
dies are recommended. Chasers made by 
milling are preferred for threading zinc. 
although those made by other methods are 
sometimes used. 

Chasers may be of either the radial or the 
tangential type. For the radial type, one tool 
manufacturer recommends a 10° radial hook 
for straight threads and a 7° radial hook for 
tapered threads. 

A maker of tangential chasers states that 
with zinc alloys the cutting edge of the 
chaser must be on or very near the center to 
avoid rapid wear of the chasers just beyond 
the cutting edge, whereas with other mate- 
rials the cutting edge must be above the 
center. The type of grinding recommended 
for this type of chaser involves a 5° positive 
rake. Using this rake, about 30 000 threads 
(34-24) have been cut between grinds. 

For round dies, one manufacturer recom- 
mends a rake of 15 to 20° with narrow 
cutting sections and eccentric relief for an 
11 mm (6 in.) diameter and larger. Self- 
opening dies or solid adjustable dies are 
recommended for cutting the larger-size 
threads. 

Speed. Dies for threading zinc castings 
are commonly operated 10 to 15% slower 
than taps used for cutting similar internal 
threads. One manufacturer recommends 
that when radial chasers are to be used, 
speeds of 30 m/min (100 sfm) for 8 to 11 
threads/25 mm (1 in.) and 60 m/min (200 
sfm) for 12 to 32 threads/25 mm (1 in.) be 
used. 
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Fig. 6 турко! cutter for milling zinc die castings 


Milling 


Although not as common as some other 
operations in machining zinc die castings, 
milling is useful for producing slots and 
undercuts and accurate, flat surfaces. Both 
end milling and plain milling operations are 
used. Cutting fluids should be applied gen- 
erously to the cutting area. 

Cutter Designs. For end milling, the com- 
mon right-hand spiral-fluted cutter and the 
"special aluminum" cutter designs give 
good results. Large polished flutes are pre- 
ferred, Similarly, for plain milling, helical 
fluted cutter designs with large polished 
flutes are preferred. If possible, contact 
should not be lost between a cutter tooth 
and the workpiece until the next tooth en- 
gages the work. This reduces vibrations and 
contributes to improved surface finish and 
reduced cutter and machine wear. 

Stock cutters can be used if the tecth 
have adequate primary clearance. About 
10° is appropriate (Fig. 6), although larger 
angles are better for special form cutters. 
The radial rake angle of 10°, as found on 
most stock cutters, is satisfactory, but a 15° 
positive radial rake angle is often used. 

Staggered-tooth cutters are sometimes 
used for deep slots, because they produce 
finer chips and a better surface finish in 
some cases than when chips are the full 
width of the slot. A similar effect can be 
obtained by nicking or chamfering the cor- 
ners of alternate teeth. Land width should 
range from approximately 0.6 mm (0.025 
in.) for small cutters (<75 mm, or 3 in. 


diam) to about 1.3 mm (0.050 in.) for larger 
cutters (>125 mm, or 5 in. diam). 

Milling Direction. Climb milling is pre- 
ferred for reduced burr formation. It also 
improves chip flow and disposal, carries 
cutting fluid into the cutting zone more 
readily, and reduces sensitivity of surface 
finish to cutter sharpness. 

Depth of Cut. Shallow depths, such as 
0.6 mm (0.025 in.) are preferred. Multiple 
passes should be considered when large 
amounts of metal are to be removed by 
milling. 

Speeds and Feeds. For shallow cuts, 100 
m/min (350 sfm) is a good cutting speed, 
although speeds in excess of 300 m/min 
(1000 sfm) have been used successfully. 
Cutter speeds should be reduced for deep 
milling cuts. Optimum feeds vary consider- 
ably, depending on cutter diameter, width 
and depth of cut, number of cutter teeth, 
cutter speed, machine and workpiece rigid- 
ity, and other factors. Optimum feeds usu- 
ally are determined by trial and error, guid- 
ed by the general behaviors noted above, 


Sawing is not often used in machining 
zinc die castings, but is sometimes uscful, 
for example in prototyping or short runs, or 
for rough trimming prior to a finishing op- 
eration such as milling or buffing. 

Blade Design. High-speed steel blades of 
common design with raker set and standard 
tooth profile give good results in sawing 
zinc die castings. The coarsest blade possi- 
ble should be used for high productivity and 
to prevent blade loading. Blade pitch should 
be selected so that at least two teeth are in 
contact with the workpiece at all times. 

Speeds and Feeds. The recommended 
sawing speed range is 90 to 120 m/min (300 
to 400 sfm). Much higher speeds have been 
used successfully in some applications. 
Feed rates should vary with workpiece 
shape. blade geometry, and surface finish 
requirements. Moderate feed pressure 
should be applied initially and adjusted as 
required. 





Machining of Nickel 
and Nickel Alloys 


Revised by R.W. Breitzig, INCO Alloys International 


NICKEL-BASE ALLOYS can be ma- 
chined by techniques used for iron-base 
alloys. However. certain requirements are 
imposed by the high strength of the nickel 
alloys, their tendency to work harden, and 
their gumminess in some conditions. 





Machinability 


Nickel alloys, like austenitic stainless 
steels, work harden rapidly. The high pres- 
sures developed during machining produce 
a hardening effect that retards further ma- 
chining and may also cause distortion in 
parts that have small cross sections. 

One method of reducing work hardening 
during machining is to work harden the 
material by cold deformation before ma- 
chining. Cold-drawn stress-relieved mate- 
rial is always preferred for machining. 
particularly when the smoothest finish is 
desired. Hot-rolled material is next best. 
and annealed material is the least desirable 
in most applications. On age-hardenable 
alloys, optimum finish is produced by ma- 
chining in the aged condition. The high 
strength and hardness of the aged material 
prevent heavy cuts; therefore, most rough- 
ing is done before age hardening. Solution 
annealing of age-hardenable alloys im- 
proves machinability by dissolving hard 
phases. 

A second method of minimizing work 
hardening during machining is to employ 
careful machining practices. Sharp tools 
with positive rake angles, which cut the 
metal instead of pushing it, are required. 
Feed rate and depth of cut must be suffi- 
cient to prevent burnishing or glazing. Tools 
should not be allowed to rub the work. 
either because of improper clearance or by 
being allowed to dwell in the cut 

Distortion. Even under optimum machin- 
ing conditions, some stresses are produced 
that may cause subsequent distortion of the 
work. For maximum dimensional stability. 
itis best to rough out the part almost to size. 
stress relieve it, and then finish it to size. 
Stress relieving has little effect on dimen- 
sions, but may affect mechanical proper- 
ties. 























Microstructure. Grain size has little direct 
effect on the machinability of nickel alloys. 
In general, microstructure affects machin- 
ability in two ways: 


е The presence of graphite or sulfide phas- 
/ improves machinability 








sibly the у’ phase Ni,(AI.Ti). are abrasive 
and cause rapid tool wear 


‘The nickel-chromium and nickel-chromi- 
um-iron alloys are less abrasive than the 
common grades of austenitic stainless steel 
because they have lower carbon content 
and therefore fewer carbide particles. Prob- 
ably the hardest and most abrasive of all the 
phases is titanium carbide (TiC), which is 
present in most of the age-hardenable 
loys: another hard phase is niobium carbide 
(NbC). These carbides are usually present 
in as-rolled or mill-annealed products. So- 
lution annealing at a high temperature of 
1100 °C (2000 °F) or above is required to 
dissolve them. Age hardening precipitates 
greater amounts of niobium and TiC, along 
with chromium carbide (Cr,C;) and the y^ 
phase. The refractory nature of these phas- 
es, together with their strengthening effect, 
makes age-hardened material less machin- 
able. although chip action is improved. 

These refractory р! have little or no 
effect on the finishes obtainable. Softer and 
gummier alloys. such as those in the A. B. 
and C groups identified below, are likely to 
have torn surfaces after roughing opera- 
tions, and greater care is necessary in the 
finishing operations. With proper tech- 
nique, however. finishes of 0.10 to 0.20 ат 
(4 to 8 pin.) and finer can be obtained by 
grinding. honing. and lapping. It may not 
always be possible to produce these finishes 
on Monel R-405, because this alloy is likely 
to have sulfide and graphite inclusions. 

















Classification of Alloys 
Table 1 classifies 58 nickel alloys with 
respect to machining characteristics. Ex- 


cept as noted in subsequent discussion, all 


alloys in a given group require similar ma- 
chining practices. 

Group A consists of alloys containing 
95% or more nickel. These alloys have 
moderate mechanical strength and high 
toughness. They are hardened only by cold 
work. The alloys are quite gummy in the 
annealed and the hot-worked condition, and 
cold-drawn material is recommended for 
best machinability and smoothest finish. 

Group B consists of most of the nickel- 
copper alloys. The alloys in this group have 
higher strength and slightly lower toughness 
than those in group А. They are hardened 
only by cold work. Cold-drawn or cold- 
drawn and stress-relieved material gives the 
best machinability and smoothest finish. 

Group C consists largely of the solid- 
solution nickel-chromium and nickel-chro- 
mium-iron alloys, which are similar to the 
austenitic stainless steels. They are hard- 
ened only by cold work and are machined 
most readily in the cold-drawn or cold- 
drawn and stress-relieved condition. 

Group D, which consists primarily of the 
agc-hardenable alloys, has two subgroups: 








* Alloys in the unaged condition 

è The alloys of group D-l in the aged 
condition. plus several other alloys in 
both the aged and unaged conditions 


The alloys in group D have high strength 
and hardness, particularly when aged. Ma- 
terial that has been solution annealed and 
quenched or rapidly air cooled is in the 
softest condition, and it machines most eas- 
ily. Because of its comparative softness, the 
unaged condition is necessary for greater 
ease in drilling, tapping. and threading. 

Age-hardenable alloys take heavy ma- 
chining best when they are either solution 
annealed or hot worked and quenched. Al- 
though fully age-hardened material is usual- 
ly too hard for tools with weak cutting 
edges. such as small drills and taps, and for 
rough machining, it can be finish machined 
to fine finishes and close toleran 

The best way to machine the alloys of 
group D. therefore, is to machine almost to 
size in the unaged condition, age harden, 
and then finish to size. Because the age- 
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Table 1 Classification of nickel alloys by machining characteristics 
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Monel R-405. 


ta} Not for Specifications 





hardening treatment will relieve machining 
stresses, allowance must be made for 
warpage. A permanent contraction up to 
about 0.07% occurs during aging. Aged ma- 
terial has good dimensional stability. 
Group E contains Monel R-405 only. This 
alloy is designed for high production rates in 
automatic bar and chucking machines and is 


discussed in the section "Multiple-Oper- 
ation Machining" in this article. 








Cutting Fluids 


Almost any cutting fluid, or none. can be 
used in machining nickel alloys. In many 
applications, nickel alloys respond well to 


ordinary sulfurized mineral oil; sulfur im- 
parts improved lubricity and antiweld prop- 
erties. If the temperature of the oil and 
workpiece becomes high enough during ma- 
chining to cause brown sulfur staining of the 
work, the stain can be readily removed with 
a cleaning solution of the sodium cyanide or 
chromic-sulfuric acid type. This should be 


Table 2 Design of single-point 
tools for turning nickel alloys 








Table 3 Typical depths and widths 
of chip breakers 

















Angle Roughing Finishing Dimensions may vary slightly with alloy. 
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done before any thermal treatment, includ- 
ing welding, because during further expo- 
sure to high temperature the aining may 
cause intergranular surface attack. To avoid 
intergranular corrosion, the parts should be 
immersed in cleaning solution only long 
enough to remove the stain, High-speed 
machining operations that create high tem- 
peratures might preclude the use of a sulfu- 
rized oil because of sulfur embrittlement of 
carbide tools. (Many sintered carbides have 
à nickel or cobalt matrix that is sensitive to 
sulfur attack at high temperature.) Howev- 
er, flooding the cutting area. with cutting 
fluid generally cools the tool enough to 
avoid breakdown of the carbide bond. 

Water-base fluids are preferred in high- 
speed turning, milling, and grinding because 
of their greater cooling effect. These may be 
soluble oils or chemical solutions. Except for 
grinding. which depends almost entirely on 
cooling and flushing, some chemical activity 
is always desired and is generally provided by 
chlorine, amines, or other chemicals. 

For slower operations, such as drilling, 
boring, tapping, and broaching, heavy lubri- 
cants and very rich mixtures of chemical 
solutions are needed. Oils should be used 
when drilling Nickel 200 and Inconel X-750. 
In the drilling and tapping of small-diameter 
holes and in other operations in which lu- 
bricant flow and chip flushing are restricted, 
solvents will improve performance. These 
less viscous fluids can be used alone or can 
be used for diluting mineral and lard oils. A 
cutting fluid of the spray-mist lype is ade- 








quate for simple turning operations on all 
alloys. 


Turning 


Single-point turning tools used for cutting 
nickel alloys must have positive rake angles 
(Table 2) so that the metal is cut instead of 
pushed, as would occur if negative rake 
angles were used. A secondary function of 
the rake angle is to guide the chip away 
from the finished surface. The side cutting 
edge angle is second in importance only to 
the rake angle. It must be large enough to 
provide clearance, but small enough to give 
adequate support to the cutting edge. 

‘The nose radius, which joins the end and 
side cutting edges, strengthens the too! nose 
and helps to dissipate the heat generated in 
cutting. Nose radii are given with other 
recommended tool angles in Table 2. 

Chip Control. Nickel alloys present a 
minimum of chip disposal problems when 
cut with tools that have properly designed 
chip curlers or breakers, High-speed steel 
(HSS) tools require chip curlers, commonly 
referred to as lipped tools. The lip should 
include the proper rake angles for the alloy 
and should be wide and deep enough to 
cause the chip to curl and break but not to 
force it into a wad or tight knot. 

Carbide tools should have chip breakers. 
With these devices, tool rake angles are plane 
surfaces that terminate at the chip breaker 
wall. The radius joining the wail of the chip 
breaker and the rake angle plane must be kept 
very smail. The angle between the two sur- 
faces must be [25 to 135°. A small radius and 
the proper angle will usually prevent the chip 
from welding in the chip breaker. Width and 
depth of the chip breaker depend on the feed 
rate used (Table 3). 

Tool Material. Carbide tools Permit the 
highest cutting rates and are recommended 
for most turning operations involving uninter- 
rupted cuts. Cast alloy tools are recommend- 
ed for turning group A alloys at optimum 
Cutting rates. As with carbide tools, interrupt- 
ed cutting is not included in this recommen- 
dation. High-spced steel tools should be used 
for interrupted cuts such as occur in the 
roughing of an uneven surface. They are also 
used for finishing to close tolerances. finish- 
ing to the smoothest surfaces, and cutting 
with the least work hardening. 

Feeds and speeds for turning nickel al- 
loys are given in Table 4. The centers of the 
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ranges in Table 4 should be used as starting 
points in establishing the best conditions for 
specific jobs. 

Tool Life. The effects of several machin- 
ing variables on tool life in turning Monel 
R-405 are shown in Fig. 1 to 3 in comparison 
with data for other materials, All material 
was machined in the cold-drawn condition, 





The tools used for planing and shaping are 
similar to lathe tools. For rough planing, the 
top rake angle of the tool is the most impor- 
tant; it must be positive and of large magni- 
tude to achieve good cutting action. The 
optimum chip, resulting from a suitable com- 
bination of side cutting edge angle and rake 
angle, is a small curl that curves over ahead of 
the tool and breaks as it hits the work. 

The gooseneck type of planer tool should 
be used for finishing. Its spring action 
makes smooth cuts. The cutting edge of a 
gooseneck too! should be behind the center- 
line of the clapper-box pin so that the tool 
will spring away from the cut and not dig in. 

Cutting fluids are not essential for rough- 
ing, but sulfurized oil should be applied to 
the workpiece for smooth finishing cuts. 
Table 5 lists feeds, speeds, and depths of 
cut used for planing. Speeds are generally 
80 to 85% of those used for turning. 

Heavy sections can be parted in a planer 
with the aid of a gooseneck finishing tool. 
Only light cuts (0.13 to 0.25 mm/stroke, or 
0.005 to 0.010 in./stroke) may be taken. 
Continuous soluble-oil lubrication should 
be provided. Practice for shaping opera- 
tions is similar to that for planing. 


Broaching 


Although group D alloys are broached 
more cleanly in the age-hardened condition, 
high pressures are required for these mate- 
rials in either the aged or unaged condition. 
For example, when broaching fir-tree pro- 
files in a jet engine turbine wheel of solu- 
tion-annealed Inconel X-750 (93 HRB), 
forces of 70 to 55 KN (8 to 6 tonf) were 
required for roughing and 35 to 25 kN (4 to 
3 tonf) for finishing. When broaching the 
same section in fully age-hardened Inconel 
X-750 (31 HRC), forces of 55 to 25 kN (6to 
3 tonf) were required. The decrease in pow- 
er requirements for the harder material was 
attributed to cleaner cutting and less drag 
on the broach. 

Suifurized mineral oil is recommended as 
cutting fluid. Broaching speeds and face 
angles are as follows: 








Le 
Alloy group mimin Мт! Face angle, degrees 
Aand B 3-5.5 10-18 12-18 
Cand D-4,... L5-4.3 S12 10-15. 
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Table 4 Conditions for turning nickel alloys with single-point tools 
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Drilling effective rake maintained if the web is diameter and greater. The drill is secured in 


In drilling nickel alloys. steady feed rates 
should be used. If the drill is allowed to 
dwell, excessive work hardening of the met- 
al at the bottom of the hole will make it 
difficult to resume cutting and may result in 
breaking of the drill when it does take hold. 
The setup should be as rigid as possible. 
Styb drills are recommended. Drill jigs 
should be used whenever possible. 

Standard high-speed steel drills are satis- 
factory for general-purpose drilling of group 
A and B alloys. These drills have a 118° point 
angle, a helix of about 30°, a 12° lip relief 
angle, and a chisel-edge angle of 125 to 1 

Heavy-duty high-speed steel drills with a 
heavy web are recommended for drilling 
group C and D alloys. Cobalt-bearing high- 
speed steel drills give longer tool life. Cut- 
ting pressures are reduced and a positive 
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ЧӨ, l io cutting speed of single-point turning tools. 


Depth of cut 2.5 mm (0.100 in.); feed, 0.032 mm/rev 
(0.00125 in./rev); ТІ high-speed steel tools ground with 
0” back rake angle and 0” side rake angle. Tool life was 
token as the time required to develop a wear land of 1.3 
mm (0.050 in.). Work was cold-drown bars. 





thinned at the chisel point. Incrcasing the 
point angle to 135° is helpful. 

Crankshaft drills are uscful for produc- 
ing deep holes. These drills have a heavy 
web and a helix angle slightly higher than 
normal: the web is thinned at the chisel 
point. Cutting action with drills larger than 
19 mm (М in.) in diameter will be improved 
by grinding several small grooves through 
the lip, extending back along the lip clear- 
ance. The spacing of the grooves should be 
staggered between the two cutting edges. 
The effect of this serration will be to pro- 
duce narrow chips with less tendency to 
foul in the helical flutes. 

Speeds and feeds for drilling with twist 
drills are given in Table 6. 

Spade drills arc regularly used for deep- 
hole and heavy drilling—40 mm (17 in.) in 






































0 5 10 15 20 25 30 © 
Side rake angle. degrees 


ig. 2 Effect of side rake angle on the speed for 1 
9. 4 icol life of single-point turning tools. Depth 
‘of cut 2.5 mm (0.100 in.); feed, 0.032 mm/rev (0.00125 
in./rev); ТІ high-speed steel tools; sulfurized chlorinated 
cutting ой. Tool life wos taken as the time required to 
develop o wear land of 1.3 mm (0.050 in.). Work was 
cold-drawn bors. 


= 1в0———7 - 600 
E 1112 stoel 5 
150, soo = 
$ 
£ 
120] 4% 
t 5 
5 90 300 $ 
ү = 
H É 
& oH» 200 $ 
E 30: 100 
3 








a steel head, which is attached to a rigid bar, 
with bearing support between the work and 
tailstock. Spade drills are made of high- 
speed steel: the cutting edges can be tipped 
with carbide. Lead holes should be made 
with a drill having a point smaller than that 
of the spade drill. Table 7 lists speeds and 
feeds for spade drilling. 

Gun drills are primarily used for produc- 
ing deep holes up to and including 50 mm (2 
in.) in diameter, but they are occasionally 
used for holes as large as 60 mm (24 in.) in 
diameter. Appropriate speeds and feeds are 
given in Table 7. 

A highly sulfurized oil is recommended 
for gun drilling and other deep-hole drilling 
and finishing. Cutting fluid pressure should 
be about 5500 kPa (800 psi) for 5 mm (16 
in.) holes, decreasing to about 1500 kPa (200 
psi) for 50 mm (2 in.) holes. 
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2.5 mm (0.100 in.); Т1 high-speed steel tools ground with 
8° back rake angle and 22° side rake ongle; sulfurized 
chlorinated cutting oil. Tool life was taken as the time 
required to develop a wear land of 1.3 mm (0.050 in.) 
Work was cold-drawn bars. 
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Table 5 Speeds and feeds for planing nickel alloys 
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Юю ж 0050 — 6&9 2030 0.010 635 0.250 6 20 0.005-0.010 6 20 
‚ unaged. [EO 0040 1,5-3 5-10 0010 635 0.250 Ls $ 0.125-0.25 0.005-0.010 15 5 
ped... оо оош 153 5-10 000 635 0:250 1.5 5 — 025-025. 0005000 Ls 5 











Fluted reamers for nickel alloys are pro- 
duced as standard items and are character- 
ized by: 


* High-speed steel tool material 

* Right-hand cut 

* Right-hand helix (positive axial rake) 
* Positive radial rake 


The operating speed for reaming should be 
about two-thirds the speed for drilling the 
same material (Table 6), but not so high as 
to cause chatter. Other factors contributing 
to chatter are lack of rigidity in the setup, 
misalignment, and dull tools. 

Reamer feed into the work should be 
0.038 to 0.1 mm (0.0015 to 0.004 in.) per 
flute per revolution. Too low a feed rate will 
result in glazing of the work and excessive 
wear of the tool. An excessive feed rate 
reduces the accuracy of hole dimensions 
and the quality of the finish. In reaming 
nickel alloys, sufficient stock must be re- 
moved so that nonwork-hardened or non- 
glazed material is being cut. Good starting 
points for stock removal are 0.25 mm (0.010 
in.) for a 6 mm (V4 in.) hole, 0.38 mm (0.015 
in.) fora 13 mm (1 in.) hole, and up to 0.64 
mm (0.025 in.) for a 40 mm (1% in.) hole. 

Reamers must be kept sharp. Honed 
reamers produce smoother surfaces and last 
longer between grinds. 


Table 6 Speeds and feeds for 
drilling nickel alloys with twist drills 

















Drill diameter Реса) - 

fom Pm mam d 

EE pO 0.0125-0.025 0.0005-0,001 

153 Yuta. = 0.025-0.05 — 001-0002 

3478 — Yi 0.05-0.10 — 0.002-0.004. 

6% Vic Yi. 0.050.125 0.003-0.005 

95-11 0.10-0.175 — 0.004-0.007 

13-17 0.15-0.25 — 0.006-0.010 

19-25 0200.38 — 0.008-0.015 
Surface speed —] 

Alloy group ‘nmin sim 

pem P e ER 

B sasevaeektexesteesrio essi Е 

c п 

D-1 чузун жарны юры $9) 

D-2, unaged .......- 4 

Dagh алаан s 23 

Buisson <. 15-21 


tw Use the lower value For smaller drills in the range or for harder 
material 


Flat (solid) reamers and built-up (insert- 
ed-blade) reamers are used for holes 40 mm 
(1% in.) in diameter or larger. Blind holes 
are reamed with flat reamers, and through 
or stepped holes with built-up reamers. A 
reaming allowance of 1.6 to 3.2 mm (Vis to 
V in.) on the diameter should be provided 
for both types. 

Conventional fluted rcamers, flat. solid 
reamers, and insert tools for built-up ream- 
ers are made of high-speed steel (usually M2 
and M10). Composite tools having steel 
shanks tipped with carbide are also used for 
all types of reamers and are recommended 
for group D-2 alloys. Grades C-2 and C-6 
carbide give good results. Sulfurized or 
chlorinated oil should be used as cutting 
fluid. 

Because flat and built-up reamers consti- 
tute a specialized area of finishing inside 
diameters, cutting speeds and feeds must be 
developed for cach job. Speeds of about 
two-thirds those listed for turning with sim- 
ilar tool material and feeds of 0.20 to 0.25 
mm/rev (0.008 to 0.010 in./rev) should be 
used as a starting point. 


Tapping and Threading 


The most important factor in tapping is 
the selection of the proper drill size. The 
standard tap drill selection tables, in use 
for many years. are based on 75% of full 
thread depth and were established by 
experience with low-strength materials 


such as brass. Modern high-strength mate- 
rials, however, provide adequate holding 
strength with less thread depth. For most 
requirements, 5576 is sufficient, and more 
than 60% is seldom required. This is par- 
ticularly true for holes tapped to a length 
of 1% times the bolt diameter. Tests of 
thread strength show that any increase in 
thread depth above 60% for the tapped 
member does not increase the static 
strength of a threaded joint. In general, the 
bolt will break first (before threads strip) 
in holes tapped to 55% of full thread. 

Decreasing thread profile depth decreas- 
es the torque necessary to drive the tap and 
markedly decreases tap breakage. As a gen- 
eral rule, torque is doubled when thread 
depth is increased from 60 to 72% and 
tripled when thread depth is raised to 8076. 
Suggested percentages of thread depth for 
nickel alloys are given in Table 8. 

For most applications, standard high- 
speed steel four-flute taps are recommend- 
ed. These standard taps are readily obtained 
with a 7^ hook angle. The alloys of group 
D-2 are best tapped with serial taps, which 
are standard taps modified in diameter so 
that each successive tap increases the 
thread diameter proportionately. 

Tapping speeds are given in Table 8. The 
agc-hardenable alloys should be tapped in 
the unaged condition whenever possible. 
Ample cutting fluid is essential for both 
hand and machine tapping, with liquid 
chlorinated wax preferred. 





Table 7 Speeds and feeds for the spade and gun drilling of nickel alloys 


























1 Speed 1 Т - — Feed - 

Alloy group mimin sim ттеу inJrev 

Spade drilling with 25-50 mm (1-2 in.) diam tool of M2 HSS 

Ae = 17-23 0.125-0.175 0.005-0.007 
B 14-17 0.125.175 0.005-0.007 
5. 0.125-0.175 0.005-0.007 
A. 67 22 0.0025-0.05 0.0001-0.002 
ve 0.0038-0.10 0.00015-0.004 
0.005-0.125 0.0002-0.005 
0.0025-0.075 0.0001-0.003 
0.0025-0.075 0.0001-0.003 
0.0025-0.075 0.0001-0.003 





Insert material for gun drills 








Cast alloy (40Co-30Cr-18.5W) 
vee C6 carbide. 
C2 carbide 
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Table 8 Speeds and thread-depth 
percentages for tapping nickel 
alloys 





‘Surface speed Recommended thread 





Alloy group mémin sm engagement, ^ 
А. 5-8 60 
B 5-8 60 
с 3-5 55 
Dis . . 3-5 55 
D-2, unaged s MES 50 
D-2. aged vis: БА 50 











tools are ground according to the principles 
described for turning tools, but the angles 
on threading tools are smaller than those on 
turning tools so that the small nose of the 
threading tool is well supported. Because of 
the weakness of the tool nose and the small 
volume of tool available to dissipate heat, 
single-point threading must be done at low- 
er speeds and feeds than those used for 
turning. Conventional single-point lathe 
practices for threading steel are adequate 
for threading nickel alloys. 

The tool nose should be flooded with 
sulfurized oil during threading. If the ma- 
chine is not equipped to pump oil on the 
work, the workpiece should be brushed 
with a sulfurized oil during the cutting op- 
eration. 

Threading speeds are listed in Table 9. 
The depth of cut will vary, decreasing as the 
work progresses and more of the tool cut- 
ting edge is engaged in removing metal. 

Die Threading. Threading dies must be 
kept sharp and flooded with cutting fluid 
(sulfurized oil or a rich mixture of soluble 
oil or chemical solution) during use. A 
chamfer angle of 15 to 20° is recommended 
for producing V-threads in which no shoul- 
der is involved. The rake angle is 15° for 
threading material of 30 HRC, and it is 
increased to 30° for threading material as 
soft as 65 HRB. 

The workpiece diameter should be 1 to 
1⁄2% undersize to prevent binding in the 
die. The exact undersize required will vary 
with alloy and temper, but can be deter- 
mined by one or two trials. The speeds 
given in Table 9 for single-point threading 
also apply to die threading. 

Thread Grinding. External threads can 
be produced in group D-2 alloys (any con- 
dition) by form grinding. Aluminum oxide 
(150 to 320 grit) vitrified bond grinding 
wheels (medium hard, open structure) are 
used. The recommended grinding fluid is an 
oil of about 300 SUS viscosity at 20 °C (70 
°F); it should be filtered. 





Multiple-Operation 
Machining 
Monel R-405 was developed for good 


machinability and is recommended for ma- 
chining in automatic bar and chucking ma- 


Table 9 Speeds for single-point or 
die-head threading 


Table 10 Recommended cutting 
speeds and feeds for Monel R-405 





Surface speed | 
ят 








Surface speed. [- Feed — 

















Alloy group Operation mimin sfm ттеу inire 

A, B, E 35-30  Turningta)... 43-49 140-160 0.075-0.125 0.003-0.005 

C. DI 3.7-5.5 1218 —— Formingta).. 43-49 140-160 0.010-0.025 0.0004-0.001 

D2... .09-1.1 3403.5 — Drilling..... 18-24 60-80 0.025-0.125 0,001-0.005 
Reaming.. . 9-14 30-45  (.075-0.30 0003-0012 
Tapping .... 9-12 30-40 


chines. Other alloys in groups A, B. С, and 
D-1 can be machined in automatics, but the 
lower speeds required are seldom possible 
with this type of equipment. 

Mone! R-405 combines the toughness, 
strength, and corrosion resistance of Monel 
400 with excellent machinability. This frec- 
machining characteristic is obtained by 
careful adjustment of minor alloying con- 
stituents, including the controlled addition 
of a small amount of sulfur. The resulting 
nickel-copper sulfides in the alloy act as 
chip breakers. Because of these inclusions, 
the surface finish on a machined Monel 
R-405 part is inferior to that on a part made 
of Monel 400. Recommended cutting speeds 
and feeds for Monel R-405 are given in 
Table 10. 

Form tools, which are extensively used 
for automatic machining, must be sturdy, 
and a rigid setup must be maintained to 
achieve efficient operation and adequate 
tool life. Recommended angles for form 
tools are shown in Fig. 4. The cutting edge 
of the form tool is set in line with the 
centerline of the work. Form tools with 
positive top rake angles are more efficient 
than those with no top rake. Sharp corners 
should be eliminated because they lead to 
early tool breakdown. Figure 4(c) shows a 
modified form tool design that will aid in 
minimizing the drag encountered on a con- 
ventional circular or dovetail form tool, 
because of its lack of side clearance. The 
excess stock left in the form by the modified 
tool can be removed by a typical cutoff or 
parting tool. The flat form tool shown in 
Fig. 4(d) is used for forms of simple design 
in which there is sufficient side clearance. 

The recommended maximum width for 
form tools is 14 to 2 times the minimum 
diameter that is to be machined. The use of 
wider form tools is likely to result in chatter 
and consequently in short tool life. Wider 
forms should be cut in two separate opera- 
tions, using tools that have a combined 
width that is equal to the width of the form. 

The plunge-cutting action of form tools is 
less desirable than longitudinal cutting. as 
with single-point tools. It might be possible 
first to rough with a longitudinal cut so that 
the least possible stock is removed in form- 
ing. If this cannot be done, separate tools 
for rough and finish forming will be more 
economical than a single form tool. 

Box tools with V-shaped or roller work 
supports are used for both roughing and 
finishing cuts. Box tools are preferred to 
balance turning tools because they provide 











Threading... 9-12 30-40 
Cutoff 43-49 140-160 0.0125-0.025 0.0005-0.001 


(ab For a single-spindle screw machine handling stock 25 mm (1 
in.) in diameter and under. using high-speed steel tooling, For a 
multiple-spindle machine or a lathe handling stock exceeding 25 
mm 11an Yin diameter. use surface speeds of 27-38 mimin 90-125 
stm. 





greater rigidity. Details of a suitable box 
tool cutter are shown in Fig. 5. 

Balance turning tools are primarily used 
for roughing cuts. They offer no support for 
the work and should not be used on long, 
slender parts. The blades are held in the 
toolholder at a fixed angle, which must be 
considered when the tools are ground. Fig- 
ure 6 shows cutting edge angles suitable for 
a balance turning tool. as well as the reduc- 
tion of front relief, when a heavier cutting 
edge is desired. 

Cutoff Tools. Circular cutoff tools are 
suitable for nickel alloys, but straight cutoff 
tools afford greater clearance and are pre- 
ferred. The blade thickness should be great- 
er than that used for cutting equivalent 
sections of carbon steel. A next-heavier- 
size blade than would be used for the same 
diameter of carbon steel is recommended. 


The essential requirements of milling are 
accuracy and smooth finish; therefore, it is 
imperative to have sharp tools and rigid 
machines and fixtures. High-speed steel 
cutters (M2 and M10) are the most suitable 
because milling usually involves an inter- 
rupted cutting action. 

Feeds and speeds are listed in Table 11. 
Too light a feed, approximating rubbing. 
will cause an excessively work-hardened 
layer. Because rubbing at the beginning of 
the cut is avoided by climb milling, this 
technique is preferred to conventional (up) 
milling. In addition, the downward motion 
of the cut assists rigidity and diminishes 
chatter. The disadvantage of climb milling is 
the need for positive control of backlash in 
the table drive. Face milling is preferable to 
slab milling because it reduces the work 
hardening and chatter. 

Chip problems in milling are the same as 
those in turning. Standard milling cutters 
provide adequate clearance for chips. 

Heavy-duty milling cutters with 12° posi- 
tive radial rake and 45° axial rake are pre- 
ferred for rough milling all alloys except 
those of group D-2. Light-duty cutters with 
12° positive radial rake and 18° axial rake 
(helical flutes) are best for the high-strength 
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А 
Monel400 10-15 
Monel A-405 10-15" 


Nickel 200 
Monel K-500 





Fig. 4 


alloys of this group. They require low cut- 
ting speeds (3 to 6 m/min, or 10 to 20 sfm) 
and light chip loads. The light-duty cutters 
have more teeth than the heavy-duty type: 
consequently, light-duty cutters operate at 
higher cutting rates for the cutting speeds 
allowed. 

Finishing cutters for all alloys should be 
of the high-helix type with 15° positive 
radial rake and 52 to 65° helical flutes (pos- 
itive axial rake). Staggered-tooth cutters. 
with alternate teeth of opposite helix, are 
best for milling grooves. High-speed steel 
slitting saws with side chip clearance are 
recommended for narrow slotting. 

Face milling cutters with inserted teeth of 
high-speed steel should be designed so that 
the inserted teeth have positive rake and 
helix angles. A typical tool is made with 
cutters set into the head at a positive axial 
rake angle or helix of 7° and a positive radial 
rake angle of 15°. Primary relief angles 
should be 7 to 8°; secondary relief angles 
should be 12 to 14° on all except end mills 
and small-diameter cutters. 





Sawing and Cutting Off 


Nickel alloys can be sawed or cut off by 
conventional methods. 


A 
15-25 
710 
Inconel 600 7 10 
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3-5* end 
cutting edge angle. 











A, side 
! rake angle 
| Monel R-405 1522" 
| Monel400 10-15" 
| Nickel200 — 15-22 
X. Мопе!К-500 710° 
Inconel 600 7 107 
B^ back 
rake 
Aud ee 
T | 
This clearance angle derived trom 








the setting of the tool 


Box tool for turning nickel alloys in automat- 
ic bor ond chucking machines 


Fig. 5 














Form tools for turning nickel alloys in automatic bar and chucking machines. (a) Circular form tool. (b) 
Dovetail form tool. (c) Modified form tool for minimizing drag. (d) Flat form tool 


Hacksawing. Hand and power hacksaws 
are suitable for cutoff operations involving 
the alloys of groups A, B. C. and D-1. 
Alloys of group D-2 are not readily cut by 
these tools. 

Hand hacksaw blades should be made of 
high-speed steel. Blades with 14 to 18 teeth 
рег 25 mm (1 іп.). raker set, are used for 
general work. Blades with 24 to 32 teeth per 
25 mm (1 in.), wavy set, are used for sawing 
thin-wall tube. 

Power hacksaws can be operated at 90 
strokes per minute for the alloys of groups 
A and B and about 60 strokes per minute for 
groups С and D-1. High-speed steel blades 
give satisfactory service. Heavy-duty pow- 
er hacksaw blades with 6 to 10 teeth per 25 
mm (1 in.), raker set. should be used for 
cutting bar stock. The same type of blade 
with 14 to 18 teeth per 25 mm (1 in.), raker 
or wavy set. is suitable for cutting off tube 
with a 1.6 mm (Vie in.) or heavier wall. Tube 
with less than 1.6 mm (is in.) wall thick- 
ness is not generally cut off on power hack- 
saws, but if necessary a blade with at least 
18 teeth per 25 mm (1 in.), wavy set, should 
be used. The work should be kept flooded 
with water-soluble or sulfurized cutting oil. 

Circular Sawing. The best method for 
cold cutting heavy seclions (such as forg- 











A, side. 
rake angle 
Mone! R-405 15.22" 
Mone! 400 10-15" 5". yf} 
Nickel 200. 15-22* PEL 
Monel К-500 7-10" — .. (e 157 fixed angle. 
p ME MT 


Bolance tool for turning nickel alloys in 
automatic bar and chucking machines 


Fig. 6 
ings, ingots, and blooms) of the alloys of. 
groups А. B. C, and D-1 is by circular saws 
with insert teeth. A typical installation uses 
a 1100 mm (44 in.) diam blade with 56 
inserted high-speed steel teeth. The teeth 
are ground and set into the blade to give a 
15° rake angle. Square and round tecth 
alternate, with the round teeth projecting 
about 1.6 mm (6 in.) beyond the cutting 
edge of the square teeth. This saw cuts 
alloys of groups A and B at a speed of 15 m/ 
min (50 sfm) with a feed of 8.5 mm/min (0.33 
in./min). A water-soluble cutting oil is used. 
Alloys of group C and D-1 are cut at 7.5 m/ 
min (25 sfm) with the same feed, but sulfur- 
ized oil is used as cutting fluid. 

Band sawing can be used for cutting off 
all nickel alloys, although it is not recom- 
mended for group D-2 alloys of thick sec- 
tion. High-speed steel saws with flexible 
backs are recommended. Raker-set teeth 
are suggested for sawing all forms of mate- 
rial other than light-gage sheet and thin-wall 
tube. Saws with wavy-set teeth are best for 
sawing thin sections. 

The speeds listed in Table 12 can be used 
as a guide. Medium feeding pressures 
should be used. The saw should constantly 
bite into the work: otherwise, the blade will 
work harden the material. The blade and 
workpiece should be flooded with a soluble 
oil. A sulfurized or sulfochlorinated oil can 
be brushed on the saw teeth to prevent chip 
welding. 
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Table 11 Recommended speeds and feeds for ing nickel alloys Friction Sawing. The nickel alloys can be 
readily cut by friction sawing. Irregular and 
Alloy grouy sim straight cuts can be made in material up to 
ny group 
А 25 mm (1 in.) thick. Material less than 13 
i Face milling mm (V^ in.) thick can be fed by hand; 
ide milling. hydraulic or power feeds should be used for 
End milling z material 13 to 25 mm (^ to | in.) thick. If it 
mm 9002 js necessary to use hand feed for thicker 
awing 0.002 Ns S аво. 
ГИ NE "m $30 material, the workpiece should be rocked 
milling. ooog ир and down slowly to expose a smaller 
Side milling 0005 — surface to the saw. 
Eu milling 0.004 Friction sawing depends on the heat de- 
lotting 0.005 
0002 veloped between the saw and the work- 
g Helical milling oos piece; consequently, cutting fluids are not 
Face milling 0.06 — used for this type of cutting. А new saw 
En mig boe blade is not required for friction sawing; the 
Slotting Qo — Saw is efficient only after its teeth become 
Sawing ooo blunt and create the frictional heat needed 
Ванны sess Helical milling 0005 — to soften the material. 
Pes eg 006 Saw blades with raker-set teeth should be 
Side milling 0.004 А 1 
End milling 9904 used. The saw blades can have 10, 14, or 18 
Slotting 00 teeth per 25 mm (1 in.). The saw with 10 
ы Sawing 0.002 teeth per 25 mm (1 in.) is used for the 
рый Кене зы 099 — thicker materials, and the saw with 18 teeth 
Side milling 0.975 ооз Рег 25 тт (1 in.) is used for the thinnest 
End milling 0.05 002 Stock. Generally. blades with 10 teeth per 
Slotting En he 0. з LU 25 mm (1 in.) are used for sawing material 
Sawing 3 E 0.025 00 % i Ek d 
D2, aged Helical mulling 1.5-4.5 5-15 0.075 cos 16 mm (% inJ Tek and, UNT Far 
Face milling 15-45 5-15 оло оом Straight cutting, a 25 mm (l in.) wide lade 
Side milling. 15-45 5-15 0.075 oon ids the most desirable for all thicknesses. 
End milling 1245 Lis He 0.002 However. for both straight and contour 
d y i un fom cutting, a blade at least 3.2 mm (e in.) 
вы à E wider than the thickness of the material to 
be cut is preferred. Saw blades less than 13 
mm (Y^ in.) wide should be used only to cut 
contours with radii less than 75 mm (3 in.). 
Table 12 Conditions for the band sawing of nickel alloys Representative saw speeds are: 
Teeth per 
Work thickness | 25 mm р. Surface velocity — | See — | Material thickness 
Alloy group. mm in. "ча. mimin sim m'min sim mm in. 
Данын азаар TI Vis 14 32 105 150 5000... пту ve 
6 ^ 10 23 75 2% 9 000 sical $ Yn 
25 1 8 15 50 3350 11 000 siesta, 13 у 
E 3 6 15 50 4600 15000... T i 
„УЛО ЛЛ ЛЛ у, sss TS ГА 18 38 025 
6 "n n 23 75 $ e" . 
25 1 10 15 50 Table 13 gives data for friction sawing four 
ü E. a d Ж nickel alloys. 
% hi 12 B 3 Lathe Cutoff. Rounds larger than 22 mm 
25 1 10 15 sy (A in.) can be cut off more rapidly on cutoff 
75 3 8 15 50 lathes than by hacksawing. These lathes 
Dilersen € spew 18 Yo и а 75 usually have two high-speed steel blades 4.8 
E. ү; 5 i 40 106.4 mm (Yis to Va in.) thick, which should 
75 3 8 9 30 be set to give a positive rake. One tool 
Inconel X-750 (cold-rolled. annealed) ....... 2.36 0.093 32 18 60 should have a square nose, the other а 








Table 13 Соп 
teeth per 25 тт (1 in.) 


ion sawing with a raker-set blade having 10 





‘Approximate lineal 








Blade width Blade surface speed cutting rate 
Alloy mm in. mmin stm mimin ЕЯ 
Monel 400.. 5 Ye 25 1 2700 9000 13 43 
Monel К-500(а) M Yin 25 1 3050 10 000 B 43 
Inconel 600a) ....- 5 Ye 25 1 2700 90x) 2 R 
Inconel X-750a) ..... 3 Li 16 5 2900 9500 9.5 M 





(a) Annealed condition 





rounded nose. Operating speeds are 15 to 18 
m/min (50 to 60 stm) for alloys of groups A 
and B. and 9 to 11 m/min (30 to 35 sfm) for 
those of groups C and D-1. Water-soluble 
oil is an adequate cutting fluid. 

Abrasive Cutoff. All nickel alloys can be 
cut off with abrasive wheels. For dry cut- 
ting small sections (up to 25 mm, or Lin.) 
aluminum oxide resinoid bond wheels, such 
as A-301-R6-B and A-602-Q8-B, аге satis- 
factory. 

Wet cutting is preferred for sections 
over 25 mm (1 in.) thick and for groups D-1 
and D-2 alloys in all thicknesses. Alumi- 














num oxide rubber bond wheels such as 
A-602-M-R are recommended. Water with 
à rust inhibitor is a satisfactory grinding 
fluid. Speed should be about 1500 to 1675 
m/min (5000 to 5500 sfm): feed, the maxi- 
mum permitted by machining capability. 


Methods of grinding nickel alloys do not 
differ greatly from the practices used for 
steel. When only a small amount of metal 
must be removed, the finishing operation 
can be done on a grinding machine, using a 
rough and then a fine grind. 

If an extremely accurate ground finish is 
required, particularly on material of hard 
temper. the work should be allowed to cool 
to room temperature after the final roughing 
cut or grind. This allows redistribution of 
internal stresses, and the resulting distor- 
tion, if any. can be corrected in the final 
grinding operation. 

For best results, the alloys should be 
ground wet. A solution of 95 L (25 gal.) of 
water and 0.5 kg (1 Ib) of sal soda, or a 
solution of 50 parts of water to | part 
soluble oil, is a suitable grinding lubricant 
for operations other than crush form and 
thread grinding. A good grinding oil is the 
best lubricant for crush form and thread 
grinding. Sodium chromate can be added to 
sal soda solutions to inhibit corrosion of the 
equipment. 

In general, silicon carbide grinding 
wheels give best results on alloys of groups 
A, B. D-1, and E; aluminum oxide wheels 
are best for alloys of groups C and D-2. 
Grinding pressures should be great enough 
to cause slight wheel breakdown. Because 
of the many variables encountered in grind- 
ing. the wheel manufacturer should be con- 
sulted for information on specific applica- 
tions. 

Surface Grinding. Coarse-grit (46 to 60) 
aluminum oxide wheels produce the best 
finishes in surface grinding. To avoid warp- 
ing during grinding. the workpiece should 
be in the stress-equalized condition. Low 
wheel contact and low pressure help pre- 
vent distortion during grinding, especially 
with annealed material. Reciprocating ta- 
bles are preferred to rotary tables. Recipro- 
cating tables reduce wheel conti gener- 
ate less heat, and cause less distortion of the 
work. 

Centerless grinding should be done with 
à wheel having a face that will break down 
during operation and prevent the workpiec: 
from becoming out of round. The break- 
down of the wheel face depends on the 
diameter of the work, infeed per pass, and 
the angle and speed of the regulating wheel. 
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Diamond-dressed wheels are more prone to 
cause ovality of the work than are wheels 
dressed on a Ross dressing device. This 
dresser produces a sharp wheel face similar 
to one that has been crushed-dressed. By 
taking light cuts on the material, finish 
grinding can be done without redressing the 
whecl after the roughing operation. 

Crush Form Grinding. Vitrified-bond. 
medium-grade aluminum oxide wheels hav- 
ing medium-to-open structures produce 
good results in crush form grinding. A high- 
grade grinding oil is recommended and 
should be continuously filtered through all 
operations. 

Grinding With Abrasive Belts. Abrasive 
belts (cloth belts coated with aluminum 
oxide) can be used for finishing group D 
alloys. One procedure used for the abra- 
sive-belt finishing of precision-forged airfoil 
turbinc blades consists of rough grinding 
with 80 grit, followed by semifinishing with 
120 to 150 grit and final finishing with 180 to 
220 grit. Rough grinding can be done dry or 
with a lubricant. A machine oil of high- 
flowing characteristic is suitable for rough 
grinding. Semifinish and finish grinding is 
done with a lubricant such as cottonseed 
oil. The addition of kerosene imparts a 
high-flowing characteristic to the oil. 

Honing is done with aluminum oxide 
vitrified bond honing stones of medium- 
to-soft grade. The honing stone must have 
uniform breakdown characteristics. Ample 
coolant must be supplied; proprietary hon- 
ing oils, either as-supplied or diluted by 2 to 
3 parts of kerosene, are recommended. A 
mixture of 50% olci ‚ 35% kerosene, 
and 15% turpentine is also suitable. 

Surface speeds for rotation of the hone 
are between 45 and 75 m/min (150 and 250 
sfm). Reciprocation surface speeds are be- 
tween 11 and 15 m/min (35 and 50 sfm). The 
lower speeds are used for roughing, and the 
higher speeds for finishing. Honing pressure 
should be about 3100 kPa (450 psi). The 
manufacturers of honing stones should be 
consulted for detailed recommendations on 
specific problems. 








Nontraditional Machining 


Several methods of nontraditional ma- 
chining are suitable for shaping high-tem- 
perature, high-strength alloys that are diffi- 
cult to machine by conventional methods. A 
few of these techniques have potential ap- 
plication to nickel alloys, particularly to 
supplement conventional practice with the 
more difficult-to-machine alloys such as 
those of groups 0-1 and D-2. 

Electrochemical machining involves 
electrolytic deplating of the workpiece. For 


nickel alloys, electrolytes are salt solutions 
{sodium or potassium nitrate or chloride) or 
dilute acid (sulfuric). 

The resistance of most nickel alloys to 
chemical attack does not seem to retard 
electrochemical solution. Some differences 
occur in processing the various alloys be- 
cause of differences in their current-carry- 
ing capacities. For example, the nickel and 
nickel-copper alloys have fair-to-good elec- 
trical conductivity, while the chromium- 
bearing materials are essentially resistance 
alloys. Compensation must be made for 
greater power loss. voltage drop, and elec- 
trolyte heating with the latter alloys. Be- 
cause mechanical properties do not affect 
the process, alloys can be shaped in the 
fully cold-worked and age-hardened condi- 
tions as easily as in the annealed condition. 
This is particularly advantageous with the 
group D-2 alloys and permits operations not 
feasible by conventional methods. 

Chemical and photochemical machin- 
ing involve selective metal removal by 
etching. The article “Photochemical Ma- 
chining" in this Volume contains an схат- 
ple of etching a nickel electronic connector 
network. 

Because nickel alloys are generally resis- 
tant to chemical attack, they require strong 
acids for metal removal at practical rates, 
‘These acids can cause intergranular attack 
or severe pitting if not properly used, espe- 
cially on the chromium-bearing alloys. 
Quality control should include metallo- 
graphic examination of a finished sample. 
Even under optimum conditions, chemical 
machining will lower fatigue life slightly. 

One of the major problems to be over- 
come in the chemical machining of chromi- 
um-bearing alloys is the prevention of pref- 
ere attack at grain boundaries. The 
age-hardenable alloys should be solution 
treated. or unaged to be chemically ma- 
chined. 

Electron beam machining and plasma- 
arc cutting are two similar techniques that 
remove metal by localized melting and va- 
porization with high-temperature, high-ve- 
locity beams of electrons or ionized gas. 
Plasma-are torches are capable of cutting 
nickel alloys several inches thick at very 
high speed and are superior to all other 
methods in the rough cutting of plate and 
sheet. 

Laser beam тас g is capable of 
drilling holes through nickel- and cobalt- 
base superalloys in a relatively short time. 
For example. a 0.5 mm (0.020 in.) diam hole 
can be drilled through a 2.5 mm (0.1 in.) 
thick superalloy in about 1 to 3 s. Holes 
with diameters less than 0.25 mm (0.010 in.) 
can easily be laser beam drilled through 
nickcl-base superalloys. 











Machining of Reactive Metals 


REACTIVE METALS refers collectively 
to the elements titanium, hafnium, and zir- 
conium. Titanium is one of the more diffi- 
cult metals to machine. The machining 
characteristics of zirconium are comparable 
to those of aluminum; hafnium is similar to 
zirconium in machinability. 

All three of the reactive metals are non- 
toxic. Complicated or expensive equipment 
or procedures dictated by hazardous mate- 
rials and environmental disposal consider- 
ations are not required. However, the reac- 
tive metals are all pyrophoric to varying 
degrees, presenting potential fire hazards. 
that require special precautionary mea- 
sures. 


Machinability of 
Reactive Metals 


Because titanium, hafnium, and zirconi- 
um are all located in the same group in the 
Periodic Table, they pose similar problems 
when machined. 

Titanium. Reasonable production rates 
and excellent surface finish can be obtained 
with conventional machining methods if the 
unique characteristics of this metal and its 
alloys are taken into account, such as, the 
reactivity of titanium with the cutting tools 
used. 

Guidelines for coping with such problems 
are available. For instance, smearing, gall- 
ing, and seizing are minimized if feeding is 
uninterrupted or continuous while the tool 
and work are in moving contact with each 
other. Only straight carbide and general- 
purpose high-speed tool steels can be used. 

The correct use of cutting fluids will 
greatly extend cutting tool life. Both the 
tool and workpiece must be kept cool. In 
the past, it was believed that chlorinated 
cutting fluids should be used with great 
caution because of their potential to cause 
stress corrosion cracking. Evidence to the 
contrary has been found in various studies 
(Ref 1, 2). 
ii ium and Hafnium. Both of these 
materials can be readily machined with con- 
ventional methods. However, both have a 
tendency to gall and work harden. 

These problems can be minimized by 
using sharp tools and by setting depth of cut 
at 70.08 mm (20.003 in.) to penetrate the 
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work-hardened area created by previous 
tool passes. Slow speeds and heavy feeds 
are recommended. 

Satisfactory results are obtained with 
both carbide and high-speed tool steels. 
Carbide tools, however, provide better fin- 
ishes and higher productivity. Tool life is 
comparable to that obtained when machin- 
ing stainless steels. 

It is recommended that zirconium and 
hafnium alloys be flooded with a water- 
soluble coolant when machined. Chips 
should not be allowed to accumulate in the 
machine bed and should be continually re- 
moved and stored, preferably under water, 
in isolated areas. 


Guidelines for 
Machining Titanium 
and Titanium Alloys 


Success in machining titanium depends 
largely on overcoming several of the inher- 
ent properties of the metal: 


@ Titanium is chemically reactive and 
therefore has a tendency to weld to the 
tool during the machining process, thus 
leading to chipping and premature tool 
failure. Additionally. its low heat conduc- 
tivity increases the temperature at the 
tool/workpiece interface, thereby also af- 
fecting tool life adversely 

The low elastic modulus of titanium per- 
mits greater deflections of workpieces, 
r backup may be required 

lity to surface damage during 
ing operations, particularly during 
grinding, is a disadvantage. Even proper- 
ly processed grinding operations can re- 
sult in surfaces that lower fatigue life 
appreciably 


The following six guidelines contribute to 
the efficient machining of titanium: 





@ Use low cutting speeds: Tool tip temper- 
ature is strongly affected by cutting 
speed. A low cutting speed helps to min- 
imize tool edge temperature and maxi- 
mize tool life. Lower speeds are required 
for alloys such as Ti-6AI-AV than are 
necessary for unalloyed titanium 

Maintain high feed rates: Tool tempera- 
ture is affected less by feed rate than by 


speed. The highest rate of feed consistent 
with good practice should be used. The 
depth of cut should be greater than the 
work-hardened layer resulting from the 
previous cut 
è Use a generous quantity of cutting fluid: 
A coolant provides heat transfer in addi- 
tion to washing away chips and reducing 
cutting forces, thus improving tool life 
Maintain sharp tools: Tool wear results 
in a buildup of metal on the cutting edges 
and causes poor surface finish, tearing, 
and deflection of the workpiece 
Never stop feeding while tool and work 
are in moving contact: Permitting a tool 
to dwell in moving contact with titanium 
causes work hardening and promotes 
smearing, galling, and seizing, which may 
lead to a total tool breakdown 
Use rigid setups: Rigidity of the machine 
tool and workpiece ensures a controlled 
depth of cut 





Tool Materials. Cutting tools used to 
machine titanium require abrasion resis- 
tance and adequate hot hardness. Carbide 
tools (such as grades C-2 and C-3), if feasi- 
ble, optimize production rates, General- 
purpose high-speed tool steels (such as 
grades МІ, M2, M7, and MIO) are often 
suitable. However, best results are general- 
ly obtained with more highly alloyed 
grades, such as Т5. T15, M33, and the M40 
serie: 

In recent years, new tool materials such 
as ceramics, coated carbides, and cubic 
boron nitride have increased the rate of 
metal removal of steels, cast irons, and 
heat-resistant alloys. Also, polycrystalline 
diamonds have made it possible to machine 
high-silicon aluminum alloys much more 
economically. None of these newer devel- 
opments in cutting tool materials has found 
application in increasing the productivity of. 
titanium machined parts. Some improve- 
ment, however, has been noted by the use 
of submicron grain size tungsten carbide- 
cobalt alloys (see the article ""Cemented 
Carbides" in this Volume) and new tool 
geometries such as the ledge tool (see the 
article "High-Speed Machining" in this 
Volume). 

Tool Life. Data have been developed ex- 
perimentally on a wide variety of titanium 
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Cutting speed, m/min 


Fig. 1 Efect of cutting speed and feed on tool life 
Be | i, turning annealed Ti-SAL-5Sn alloy with 
321 HB hardness. Feed rates: A, 0.38 mm/rev (0.015 in./ 
rev}; B, 0.25 mnvrey (0.010 in./rev); and C, 0.18 mm 
rev (0.007 in./rev). Tool material was C-2 (883) carbide 
throwaway inserts. The depth of cut was 1.6 mm (0.062 
in.). Cutting fluid wos a chemical emulsion (1:15). Tool 
end point wos 0.38 mm (0.015 in.) uniform wear ond 
0.75 mm (0,030 in.) localized wear, 












alloys. A typical way of presenting the 
information is shown in Fig. 1. Tool life is 
plotted against cutting speed for a given 
cutting tool material at a constant feed and 
depth. Tool life is extremely short at high 
cutting speeds. As speed is reduced, tool 
life improves dramatically. 

Speed. When the tool life/cutting speed 
data are plotted on logarithmic coordinates, 
a straight line tends to be obtained, which 
makes it possible to obtain a simple mathe- 
matical relationship between tool life and 
cutting speed. Curve fitting of tool life to 
feed, speed, and other machining parame- 
lers using computer techniques is now com- 
mon (Ref 3). 

Feed. Another important variable affect- 
ing tool life is feed, which is measured in 
millimeters per revolution (inches per revo- 
lution) in turning, drilling, and reaming: or 
in millimeters per tooth (inches per tooth) in 
a milling operation. Often tool life is not 
dramatically changed with a change in feed. 
Titanium alloys, however, are very sensi- 
tive to changes in feed (Fig. 1). Whenever 
possible, it is desirable to operate at higher 
feeds. Higher feeds provide higher rates of 
metal removal and lead to a lower time to 
machine a given part. 

Depth of cut must also be considered as 
indicated in Fig. 2. For example, increasing 
the depth of cut from 0.75 mm (0.030 in.) to 











Cutting speed. m/min 


Fig. 2 Efect of cutting speed and depth of cut on 
9. 2 icol life in turning annealed Ti-5AI-2Sn hav- 
ing 321 HB hardness. Depths of cut: A, 3.18 mm (0,125 
in.); B, 1.6 mm (0.062 in.); and C, 0.75 mm (0.030 in.) 
Tool material was C-2 (883) corbide throwaway inserts. 
Feed rate was 0.25 mm/rev (0.010 in./rev). A chemical 
emulsion cutting fluid (1:15) was used. Tool life end point 
was 0.38 mm (0.015 in.) uniform wear ond 0.75 тт 
(0.030 in.) localized wear. 








3 mm (0.125 іп.), a four-fold increase, de- 
creases tool life from 46 to 14 min at a 
cutting speed of 60 m/min (200 sfm). 

Cutting tool performance in shops is in- 
fluenced by many factors other than grade 
selection. Setup. processing methods, 
grinding techniques, material quality, and 
the condition of the machine tool and fix- 
turing, all influence cutter performance. 
Figure 3 shows the importance of a setup 
using climb milling compared with conven- 
tional milling or having the work on center. 
With climb milling, there is less tendency 
for chipping because the chip leaving the 
tool is thinner than a chip produced in 
conventional milling. 

Cutting Fluids. The correct use of cool- 
ants during machining operations greatly 
extends cutting tool life. Chemically active 
cutting fluids transfer heat efficiently and 
reduce cutting forces between tool and 
workpiece. 

Large quantities of cutting fluid are need- 
ed to keep the workpiece and cutting tool 
cool during high-speed machining opera- 
tions. Water-base fluids are more efficient 
than oils. A weak solution of rust inhibitor 
soluble oil (5 to 10%) is the 
1 fluid for high-speed cutting 
operations. Slow speed and complex oper- 
ations may require chlorinated or sulfurized 
oils to minimize frictional forces and the gall- 
ing and scizing tendency of titanium. The best 
tool life in intermediate-speed operations may 
be obtained by using a good coolant contain- 
ing a chemically active additive. 

If chlorinated cutting fluids are used on 
alloys that may be subject to stress corro- 








Cutting speed, m/min 


А Effect of cutting speed and setup on tool life 
Fig. 3 тосе milling tiw elei апа aged 
Ti-6Al-4V with 363 HB hardness. Type of setup: A, 
conventional milling; B, work on center; ond C, climb 
milling. Cutter was a 100 mm (4 in.) diom single-tooth 
face mill with C-2 (883) carbide inserts. Cutting param- 
eters: feed rate, 0.13 mm/tooth (0.005 in./tooth). Depth 
of cut, 1.5 mm (0.060 in.); width of cut, 50 mm (2 in.). 
The material was cut dry. Tool life end point was 0,038 
mm (0.015 in.) uniform wear and 0.75 mm (0.030 in.) 
localized weor. 





sion cracking. carefully controlled postma- 
chining cleaning operations must be fol- 
lowed. 

Chlorine-Containing Fluids. The general 
prohibition against the use of chlorine-con- 
taining cutting fluids is not universally ob- 
served. A number of tests have been run in 
an attempt to develop specifics concerning 
the prohibition and when it should and 
should not be observed. 

In one study (Ref 4). the U.S. Air Force 
Materials Laboratory arrived at certain con- 
clusions such as: 








© Sulfurized and chlorinated soluble-oil 
emulsions used in low-stress grinding and 
end milling/end cutting did not degrade 
the high-cycle fatigue strength of an- 
nealed Ti-6AI-4V (34 HRC) at 25 °C (75 
°F) and 315 °C (600 °F) relative to results 
from a neutral soluble-oil emulsion 

• Sulfurized and chlorinated soluble-oil 
emulsions used in abusive grinding did 
not degrade the 25 °C (75 °F) high-cycle 
fatigue strength of Ti-6AI-4V relative to 
results from a neutral soluble-oil emul- 
sion 

ө Sulfurized and chlorinated oils and solu- 
ble-oil emulsions crack tip environ- 
ments did not accelerate 25 °C (75 °F) 
fatigue crack propagation rates in Ti- 
6AI-AV at 1 cpm and 1800 cpm relative 10 
results in laboratory air environment 

е A 100 h exposure under stress to sulfur- 
ized and chlorinated soluble oil emulsions 
did not affect 25 °C (75 °F) bend test 
results from low-stress ground and end 
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milled end cut Ti-6AI-4V relative to re- 
sults from a neutral soluble oil emulsion 


Another series of tests was run in West 
Germany. It was found through Auger anal- 
ysis that when a cutting fluid containing 
chlorine was used, surface films were de- 
veloped that had a thickness equal to or less 
than 150 nm (1500 A) and a chlorine content 
of 3 at.% at the most (Ref 2). Similar films 
with 1.5 at.% and 100 to 150 nm (1000 to 
1500 A) thickness were obtained by machin- 
ing titanium with demineralized water. The 
engineers concluded that the prohibition of 
achining titanium with lubricants contain- 
ing chlorine additives can no longer be 
maintained. 

Fire Prevention. Fine particles of titani- 
um can ignite and burn. Use of water-base 
coolants or large volumes of oil-base cool- 
ants generally eliminates the danger of igni- 
tion during machining operations. Howev- 
er, an accumulation of titanium fines can 
pose a fire hazard. Chips. turnings, and 
other titanium fines should be collected 
regularly to prevent undue accumulation, 
and should always be removed from ma- 
chines at the end of the day. 

Salvageable material should be placed in 
covered, labeled, clean, dry, steel contain- 
ers and stored, preferably in an outside yard 
area, Nonsalvageable fines should be prop- 
erly disposed of. Titanium sludge should 
not be permitted to dry out before being 
removed to an isolated, outside location. 

Dry powders de. ped for extinguishing 
combustible metal fines are recommended 
for the control of titanium fires. For maxi- 
mum safety, such extinguishers should be 
readily available to each machinist working 
with titanium. Dry sand retards but does not 
extinguish titanium fires. Carbon dioxide 
and chlorinated hydrocarbons are not rec- 
ommended. Water should never be applied 
directly to a titanium fire. 











Titanium 
Machining Methods 


Conventional machining methods include 
; face milling, peripheral end milling, 
and climb cutting: drilling: tapping: ream- 
ing; wheel grinding, belt grinding, abrasive 
cutting, and hand abrasive grinding; hack 
sawing; and band sawing. Widely used non- 
traditional methods include electrochemical 
machining (ECM), chemical milling (CHM). 
and laser beam machining (LBM). 











Turning 

Turning is the simplest of machining op- 
erations for titanium and its alloys. By 
means of proper machine parameters and 
the use of a coolant, surface finishes of 0.50 
to 0.75 ат (20 to 30 ріп.) rms are obtainable 
with +0.025 mm (+0.001 in.) tolerances. 

Carbide tools provide the highest produc- 
tion rates for continuous turning operations. 
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Interrupted cuts, plunge cuts, and grooving 
are best performed by the softer but tougher 
high-speed tool steels (cast cobalt alloys can 
also be used). Tools must be resharpened or 
replaced before final tool failure occurs. A 
0.38 mm (0.015 in.) wear land for carbide 
tools and 0.75 mm (0.030 in.) wear land for 
high-speed tool steel or cast alloy tools can 
be used as a guide for halting turning oper- 
ations. 

Tool geometry, particularly rake angle, 
is important. Negative rake angle is rec- 
ommended for rough turning with carbide 
tools. Positive rakes are best for finish and 
semifinish turning and when high-speed 
tool steels or cast alloy tools are used. 

Cutting speed and feed are two of the 
most important parameters in all types of 
machining operations. The effect of cutting 
speed and tool material in turning Ti-6Al-4V 
(B forged, 331 HB) is shown in Fig. 4. 

In another instance, it was found that 
cutting speeds of 14 to 17 m/min (45 to 55 
sfm) are reasonable for turning Ti-6A]-4V at 
a feed of 0.25 mm/rev (0.010 in./rev) and a 
depth of cut of 0.25 mm (0.010 in.). It was 
also learned that M42. high-cobalt, high- 
speed tool steel provides better tool life 
than M2 or T15 high-speed tool steel 

Large amounts of water-base soluble oils 
(5 to 10% solution) or chemically active 
coolants (5% sodium nitrate in water) are 
recommended. Sulfochlorinated oils may be 
used. if necessary, at low cutting speeds. 
Recommended machine parameters for the 
single-point turning of various titanium al- 
loys are given in Table 1. 

















Milling 

Climb milling should be used as an alter- 
native to conventional milling. when possi- 
ble, to minimize tool chipping. Slow speeds 


Cutting speed. m/min 


Fig. 5 [fect of cutting speed ond feed in the 
19. 2 peripheral end milling of solution-treated 
ond aged Ti-6Al-6Sn-4Zr-2Mo having 321 HB hardness. 
Feed rate: A, 0.08 mm/tooth (0.003 in,/tooth); B, 0.05 
mm/tooth (0.002 in./tooth); and C, 0.025 mmitooth 
{0.001 in./tooth). Cutter was о four-flute, 25 mm (1 in.) 
diam tool mode of M2 high-speed tool steel. Cutting fluid 
was chlorinated oil. Setup used climb milling. Tool life 
end point was 0.30 mm (0.012 in.) uniform wear and 
0.51 mm (0.020 in.) localized weor. 


and uniform. positive feeds help to mini- 
mize tool temperature and wear. Tools 
should not be allowed to dwell in the cut or 
rub across the workpiece. 

High-speed tool steel cutters have proved 
to be satisfactory in milling. Carbide tools 
give the highest production rates, but are 
more susceptible to chipping. Regardless of 
the tool used, the smallest-diameter cutters 
with the largest number of teeth minimize 
deflection and chatter. Increased relief an- 
gles increase tool life by reducing pressure, 
deflection, and the tendency to load com- 
pared to standard cutter angles. Several 
specific guidelines must be considered in 
milling titanium and its alloys. 

Feed per tooth must be given careful 
consideration in specifying machining con- 
ditions for Ti-6AI-2Sn-4Zr-2Mo when us- 
ing peripheral end milling (Fig. 5). Reason- 
able cutting speeds range from 60 to 105 m/ 
min (200 to 350 sfm). In peripheral end 
milling of Ti-6Al-4V (solution treated and 
aged. 363 HB), a depth of cut of 1.6 mm 
(0.062 in.) will not provide adequate tool 
life under the conditions specified in Fig. 
6. 

In face milling Ti-6Al-2Sn-4Zr-2Mo, feed 
per tooth is an extremely important param- 
eter. Tool life is practically zero when feed 
is of the order of 0.25 mm (0.010 in.) (Fig. 








Table 1 Nominal speeds 
carbide tools 
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and feeds for turning titanium and titanium alloys with high-speed tool steel and 
























































High-speed tool steel r Carbide tool. uncoated ———— 
Hardness, Depth of cut, Tool material [ Speed, mimin (sfm) 7 Feed, mmirey Tool material 
Material HB ` Condition те (inn) prade. AISI | Brazed — Undexable! (шлем grade 
Commercially pure Ti (99.0). - 110-170 Annealed — 10(0.040) 76 (250) TIS. M42(b) 160 (525) 1724565) 0.13 (0.005) СЗ 
4.0 (0.150) 67 (220) TIS. M42(b) 137 480) 148 (485) 0.25 (0,010) С? 
7.5 (0.300) 53 (175) 0.3% (0.015) TIS. M42(b) 104 (340) 110 (360) 0.38 (0.015) 2 
16 (0.625) x X. b 524170). 55 (180) 0.50 (0.020) 2 
140-390 Annealed 1.0 (0.040) 58 (190) 0.13 (0.005) TIS, M42(b) 137 (450) 152 (900) 0.13 (0.005) 3 
4.040.180). 524170) 0.25 (0.010) TIS; M42(b) 119 (390) 1300425) 0.25 (0.010) 2 
7.5 (0.300) 46 (150) 0.38 (0.015) TIS, M42(b) 88 (290) 98 (320) 0.38 (0.015) єз 
16 (0.625) + 44 (145) 49 (160) 0.50 (0.020) c2 
200-275 Annealed — 1.0(0.040) 350115) 0.13 (0.005) TIS. M42ib) 88290) 113 (370) 0.13 (0.005) С-З 
4.0 (0.150) 32 (105) 0.25 (0.010) TIS. M42(by 76 (250) 9% (320) 0.20 (0.008) с? 
7.540.300) 29 (95) 0.38 (0.015) TIS. М4Ь) 58 (190) 73 (240) 0.38 (0.015) с? 
16 (6629 — А ] 2905) 370120) 0500000 С? 
Alpha айоук..................- 300-340 Annealed 1.0 (0.040) 24(80) 0.13 (0.005) TIS, M42(b) 660215) 760250) 0.1305) — C3 
(Ti-SAI2,5Sn. Ti-SAL2.550-ELL, 4000.150) 2170) 0.25 (0.010) TIS. МА) 560185) 66215) 02040000 — C2 
Ti-6Al-2Nb-ITa-0.80Mo 7.500.300) 18060) 0200.015) TIS; M42b) 43 (140) 49 (160) 0.250.010) — C2 
16 (0.625) d ve 2100) 24 (80) 0.38 (0.015) ca 
Alpha-beta alloys. - 310-350 Annealed — 1.000.040) 2100) 0.13 (0.005) TIS. M42(b) 52 (0170) 690225) 0.13 (0.005) С-З 
(T-GAHAV, Ti-6ALAV-ELI, 4000.150) 18 (60) — 025(0010) TIS. M42(b) 44(145) 59 (195) 0.200.008) — C2 
Ti-6Al-2Sn-4Zr-2Mo, 7.5 (0.300) 15 (50) 0.38 (0.015) TIS, M42(b) 340110) 44 (145) 0.25 (0.010) C2 
Ti-6Al-28n-4Z1-2Mo-0.25Si, 16 (0.625) + 17455) 2100) 0.38 (0.015) С? 
Ti-6Al-2Sn-4Z1-6Mo 320-380 Solution 1.0 0.040) 20465) 0.13 (0.005) TIS. M4%b) 49 (160) 58 (190) 0.13 (0.005) СЗ 
treated 4000.150) 17055) 0.25 (0:070) TIS, МАЛЫ) 41 (135) 5041165) 0.20.00.08) — C2 
and aged 7.5 (0.300) 14 (45) 0.38 (0.015) TIS, M42(b) 26 (85) 37020). 0.25 (0.010) С-2 
16 (бё) ++ - De 15 050)  18(60 03840010 — C2 
Bitéallyh «cene eren 2 375-350 Annealed or 1.040.040) 12(40) 0,13 (0.008) TIS. мах) 38 (125) 49 (160) 0.13 (0.005 С-З 
Ti-3AFRV-6Cr-AMo-4Z, solution 4.0 (0.150) — 930) — 0.25 (0.010) TIS. M£Nb) 320105) 410135) 02000000 — C2 
Ti8Mo-BV-2Fe-3Al, Ti-11.5Mo. treated — 7.5 (0.300) 7025 0.38 (0:015) TIS. МАЗЬ) 24080) 26085) 0.250010) С? 
Ti-I0V-2Fe-3AI, Ti-13V-1ICr-3AI 16 (0.625) . 12640) 1560) 0380.015) — C2 
350-440 Solution. 1010040) 11 G5) 0.13 00.005) TIS, МАЗЬ) 360110) 38 (125) 0.13 (0.005) С.З 
treated 4000.180) 7025) 025 (0.010) TIS, M42b) 27090) 321105) 0204008) — C 
and aged 7.5 (0.300) ` 21070) 24080) 0250.010 C 
16 (0.625) 1 GS) 12040) 0.380.015) C- 


Note: ELA, extra-low interstitial, (a) Caution: Check power requirements on heavier depths of cut. 





(b) Any premium high-speed tool steel cun be used. Source: Metcut Research Associates Inc 








7). Tables 2 and 3 provide guidelines for end 
milling and face milling, respectively. 

Cutting Fluids. Water-base coolants in- 
corporating rust inhibitors or water-soluble 
oils are the best for most milling operations. 
Low-viscosity sulfochlorinated oil may be 
used when cutting speeds are low. 


Drilling 

Sharp drills of proper geometry are need- 
ed to optimize cutting conditions. Heat re- 
moval by the use of large amounts of cool- 
ant and, if practical, heat sinks help 
maintain drill life. Dwell of the drill, which 
often occurs with hand drilling. should bc 
avoided. The best results are obtained with 
positive-feed equipment. 

Where practicable, carbide-tipped drills 
provide optimum life, particularly for deep 
holes. High-speed tool steel drills are suitable 
for many operations. Chromium plating or 
oxide coating may be useful in resisting gall- 
ing of the drill margin. A machine-ground 
spiral-point configuration is preferable to con- 
ventional chisel points (Fig. 8). 

Recommended parameters for drilling tita- 
nium are given in Table 4. When drilling holes 
over one diameter deep, the drill should be 
retracted frequently to clear the flutes and 
hole of chips. Chlorinated or sulfochlorinated 
oils and soluble-oil emulsions are satisfactory 
as cutting fluids. Oil-feeding drills may be 
required for deep holes. The performance of 











various cutting fluids in drilling Ti-6AI-4V is 
shown in Fig. 9. 


Tapping 

Tapping of holes is relatively difficult. 
Holes to be tapped must be uniform and 
free of work hardening. Sharp, clean taps of 
proper design are essential. Replacement of 
taps at the first sign of wear is strongly 
recommended. 

Spiral-point interrupted-flute taps with 
alternate teeth omitted have given good 
results at slow speeds. Modification of the 
tap by grinding away the trailing edge of the 
thread is beneficial (Fig. 10). High-speed 
tool steel taps are generally used. Because 
75% threads are difficult to obtain with 
normal cutting speeds, 65% types are rec- 
ommended when possible to maximize tap 
life. Surface treatments such as black-oxide 
coatings or nitriding can assist in reducing 
galling tendencies and improving tap life. 

Cutting Fluids and Pastes. Paste-type 
cutting compounds (Lithopone paste, a mix- 
ture of zinc sulfide and barium sulfate) have 
given good results. Chlorinated or sulfochlo- 
rinated oils have also been used successfully 
in tapping titanium and its alloys. The superi- 
ority of chlorinated oil in tapping Ti-6AI-4V is 
shown in Fig. 11. 

Tapping speed should be kept low to 
minimize heat buildup. Guidelines for tap- 
ping operations are given in Table 5. 














Reaming 

Holes with a tolerance of +0.05 to 
—0.000 mm (+0.002 to —0.000 in.) are pos- 
sible. Reamer margins tend to gall and 
seize, but proper tool design and operating 
conditions cffectively eliminate the prob- 
lem. Sufficient stock must be available to 
provide continuous cutting and prevent gall- 
ing and work hardening. 

High-speed tool steel reamers arc gener- 
ally effective when machining titanium. 
Carbide reamers allow higher surface 
speeds or longer tool life. Spiral-flute ream- 
ers generally provide longer life than do 
straight-flute reamers. Sulfochlorinated oils 
appear to be the best cutting fluid. Howev- 
сг, water-base oil emulsions are also effec- 
tive, particularly with the softer, unalloyed 
titanium grades. Recommended reaming pa- 
rameters are given in Table 6. 


Grinding 

The surfaces of titanium alloys can easily 
be damaged during machining and grinding 
operations (Ref 5-7). Damage appears in the 
form of microcracks, built-up edges, plastic 
deformation, heat-affected zones, and re- 
sidual tensile stresses. In service, failures 
can occur as a result of fatigue and stress 
corrosion. 

The three views in Fig. 12(a), (b), and (c) 
illustrate the effect of surface grinding on 
ТЇ-6АТ-4У (32 to 34 HRC) with regard to 
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Cutting speed, sim 













































































225 250 275 300 325 250 300 350 400 450 500 
6350 T 250 asor T T 150 
| 
Tool geometry/cutting parameters 
Axial rake. -5° Clearance: 5° 
Radial rake: -5° Моѕе radius: 0.75 mm 
3180} Cutting angle 45° Depth of cut: 1.5mm ——' — 125 
5080 200 ECEA: 45° Width of cut: 50 mm 
Tool geometry/ e 
cutting parameters 
Helix angle: 30* 
Radial rake: 10° Е 2540 ——|190 = 
Е Cutting angle: 45° « 1.5 тт á = 
= agro. Flute length: 100 mm к. Е 8 
3* Peripheral relief: 8° $ 8 8 8 
8 End relief: 3° Е 5 Н 
s Feed rate: 0.05 mm/tooth = 6 g 
š Width of cut, 13 mm $ Ё wor 7" g 
H š x t 
j 3s 5 
| ; : 
2540 1005 g El 
8 = = 
? S 5 
| 8 1270| - 50 Ё 
1270 50 
640 25 
A 
9 — —— —o 
0 0 ol 0° 
69 76 84 91 99 76 91 107 122 137 152 
Cutting speed, т/тіп Cutting speed, m/min 
Fi 6 Effect of cutting speed and depth of cut in the peripheral end milling of Fi 7 Effect of cutting speed and feed in the face milling of solution-treated ond 
g. solution-treated and aged Ti-6AI-4V having 363 HB hardness. Depth of g. aged Ti-6Al-2Sn-4Zr-2Mo having 321 HB hardness. Feed rate: 0.25 


cut: A, 1.6 mm (0.062 in.) and B, 0.8 mm (0.03 in.). Cutter was a four-flute 19 mm 
(%4 in.) diam tool made of M42 high-speed tool steel. Cutting fluid was a chemical 
‘emulsion (1:15). Setup used climb milling. Tool life end point моз 0.30 mm (0.012 in.) 


uniform wear and 0.51 mm (0.020 in.) localized wear. 


microstructure and hardness. In this study, 
gentle or low-stress grinding parameters 
showed no readily identifiable changes at 
the surface, but conventional and abusive 
practices altered the surface layer notice- 
ably. There was an appreciable decrease in 
hardness in the gently ground specimen 
nonetheless; very respectable high-cycle fa- 
tigue values were reported. 

It is noteworthy that gentle grinding 
produced a hardness loss of about ten 
points HRC at the surface, as indicated in 
Fig. 12(a). There were no changes in mi- 
crostructure, however. Both conventional 
(Fig. 12b) and abusive grinding (Fig. 12c) 
resulted in a continuous layer of distorted 
metal at the surface, in addition to changes 
in microhardness. The abusively ground 
sample also showed evidence of plastic 
deformation at 0.05 to 0.08 mm (0.002 to 
0.003 in.) beneath the surface. Abusively 
ground samples did not exhibit the same 
magnitude of hardness loss as was noted 
for gently and conventionally ground sam- 
ples. Plastic deformation associated with 
abusive grinding may have offset the hard- 
ness loss produced by localized surface 
heating. 

Figure 13 indicates a high-cycle fatigue 
endurance limit for Ti-6Al-4V (32 to 34 
HRC) of 370 MPa (54 ksi) for the gentle 


















100 mm (4 in.) diam si 
dry. Setup was climb mi 


mm/tooth (0.010 in./tooth) and B, 0.13 mm/tooth (0.005 in./tooth). The си 
tooth face mill with o C-2 (883) carbide insert. Material cut 
. Tool life end point was 0.38 mm (0.015 in.) uniform wear 








was a 


‘and 0.75 mm (0.030 in.) localized wear. 


grinding and values of 85 and 95 MPa (12 ksi 
and 14 ksi) for conventional and abusive 
conditions, respectively. 

Table 7 gives recommended gentle (low- 
stress) grinding parameters. Except for grind- 
ing notches, soft hardness wheels are recom- 
mended. Additional suggestions include the 
use of low wheel speeds, low down feeds or 
infeeds per pass. chemically active cutting 
fluids, and coarse wheel dressing with dia- 
mond. It is evident that low-stress practices 
decrease production rates compared to con- 
ventional methods. The most important con- 
sideration, however, is to use methods that 
make undamaged parts. 

Both abrasive wheel and belt grinding are 
used. Metal removal is slow compared to that 
of carbon steel. However, under proper con- 
ditions, abrasive wear is reasonably low, and 
a surface finish of 0.4 wm (15 pin.) is possible. 

For more detailed information on the 
effects of cutting and grinding on properties 
of machined metals. including titanium, see 
the article "Surface h and Surface In- 
tegrity" in this Volume. 

Wheel Grinding. Selection of wheel, 
wheel speed, and fluid is important. For 
hard wheel grinding, ified bonded 
wheels are the most effective. Aluminum 
oxide (Al,0,) wheels give good results 
when limited to grinding speeds of 10 m/s 















(2000 sfm) or less. Silicon carbide (SiC) 
wheels can be used at 20 to 30 m/s (4000 to 
6000 sfm) if higher speeds arc desirable. A 
feed of about 0.025 mm/pass (0.001 in./ 
pass) is generally suitable for all wheels. 
Abrasive grit size of 60 to 80 and wheel 
hardness medium grades J to L are commonly 
used (see the article "Grinding Equipment 
and Processes” in this Volume for a descrip- 
tion of grinding wheel nomenclature). 

No appreciable sparking accompanies 
AlO, wheel grinding. The workpiece can 


DOW 


e e 


Я Front (a) and side view (b) of spiral-point 
Fig. 8 ji, used in drilling titanium. Grinding of 
spiral points produces а better drill for titanium than 
conventional chisel edge. Spiral points reduce the large 
negative rake angle of the chisel edge drill, provide a 
proper clearance angle along the entire surface of the 
cutting edge, ond reduce thrust iooding by 30%. 
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Table 2 Nominal speeds and feeds for end milling (peripheral) titanium and titanium alloys with high-speed 


tool steel and carbide cutters 














= High-speed tool steel С | 
p Feed. mmitooth tin tooth) — —— — —] 
Radial depth p — Cutter diameter — 
Hardness. of cut. , 25-50 mm | — Tool material 
Material нв mm tina) — mminifm) 9 тт (йа) 13mm iny 19 mm %4 in.) (l-2 in.) grade, AISI 
Commercially pure Ti (99.0)... 110-170 0.5 (0.020) 530175) 0.05 (0.002) 0.08 (0.003) 0.13 (0.005) 015006 М2, M3, M7 
1.5(0.060) 490160) 0.08 (0.003) 0.10 (0.004) 0.15 (0.000 0.18 (0.007) M2. M3. M7 
diam/4 26 (85) 0.038 (0.0015) 0.05 (0.002) 0.08 (0.003) 0.10 (0.004) М2, M3, M7 
diami2 18 (60) 0.025 (0.001) 0.038 (0.0015) 0.05 (0.002) 0.08 (0.003) M2, M3. M7 


. M7 
M? 





140-200 — Annealed 0.5 (0.020) 52(170) 0.038 (0.0015) 0.08 (0.003) — 0.13 (0.005) 0.15 (0.006) M2. 
1.5 (0:060) 46(150 0.05 (0.002) 0.10 (0.004) 015 (0.006) 0.18 (0.007) М2, 
diam/4 26 (85) 0.038 (0.0015) 0.05 (0.002) 0.08 (0.009) 0.10 (0.004) М2, 
diam/2 18 (60) 0.025 (0.001) 0.038 (0.0015) 0.05 (0.002) 0.08 (0.003) M2, 
200-275 Annealed 0.5 (0.020) 4601580) 0.025 (0.001) 005 (0.002) 0.10 (0.004) 0.13 (0.005) M2. 
1.5 00.060) 400130) 0.05 (0.002) оок (0.003) 0.13 (0.005) 0.15 (040) М2. 
2308) 0.038 (0.0015) 0.05 (0.002) 0.08 (0.003) 0.10 (0.004) M2, 
15 (50) 0.025 (0.001) 0.038 (0.0015) 0.05 (0.002) 0.08 (0.003) M2. 

















Alpha alloy: Я 2300-40 — Annealed 0.5 00.020) 340110) 0.025 (0:001) 905 (0.002) 0.10 (0.004) — 0.13 (0.005)  TIS(b) 
Ti-5AI- AL2.5Sn-ELI, 1.5 (0.060) — 304100 — 0.05 (0.000) 0.08 (0.003) 0.13 (0.005) 0.15 (04006) TIS 
Ti-6AL-2Nb-ITa-0.80Mo diam/4 768 0.025 (0.001) 0.038 (0.0015) 0.05 (0.02) 0.08 (0.003) TIS 

апу? 12 (40) 0.025 (0.001) 0.025 (0.001) 09.038 (0.0015) 0.05 (0.002) TIS 

Alpha-beta alloys . .. osos MO-MO Annealed 0.5 0.020) — 30(100) 0.025 (0.000) 0:05 (0.002) — 0.10 (0.004) — 0.13 (0.005) Т) 
Ti-AI-AV, Ti-6Al-4V-FELI, 1.5 0.060) — 27(90) 0.05 (0.02) 0.08 (0.003) — 0.13 (0.005) 0.15 (0,006) TIS 
Ti-5AI-28n-4Zr-2Mo, ат 15 (50) 0.025 (0.001) 0.038 (0.0015) 0.05 (0,002) 0.08 (0.003) TIS 



























Ti-GAL-28n-4Zt-2Mo-0..25Si. diam? ILS) 0025 (0.001) 0.025 (0.001) 0.038 (0.0015) 0.05 (0.002) TIS 
Ti-AL-28n-421-6Mo 320-380 Solution 0.5 (0.020) — 26 (85) 0.025000) 0.05 (0.000) — 0,08 (0.003) 0.13 (0:005) ТЫ) 
treated 1.540060) — 2305) 0.05 (000) 008 (000) 0.10 (0.004) 0.15 (0.006) TIS 
andaged ати 12 (40) 00256000) 0.038 (0.0015) 005 (0.002) 0.08 (0.003) TIS 
diam? 9.30) 0025 (0000) 0.025 (0.001) 0.038 (0.0015) 0.05 (0.002) TIS 
Beta alloys .. А ..M5-380 Annealed ог 0.5 (0.020) 15080) 0.025(0.001) 0.0 (0.002) 0.10 (0.004 013 (0.005)  TIS(b) 
Ti3ALBV-6Cr-AMo-AZr, solution — 1,560060) 140458) 0.038 (0.0015) 0.08 (0.003) — 0.13 (0.005) 0.15 (0.006) TIS 
Mo-8V-2Fe-3AI, treated diam/4 805 10.001) 0.05 (0.002) 008 (0.0009 01040000 TIS 
- LL SMo-6Zr-4. 8n. апу? 6 20) 018 (0.0007) 0.038 (0.0015) 0.05 (0.00) 0.08 (0.003) TIS 
1 350-440 — Solution 0.50003) — 12(400 0.018 (07) — 0.038 (0.0015) 0.05 (0.000) — 0.100.004) — TIS(b) 
treated 15 (0.060) — 11045) 0.025 00.001) 005 (0002 оок (0.003) 0.13 (0.005) TIS 
and aged «апу 6 (20) 0.018 (0.007) 0.038 (0.0015) 005 (0,002) 008 (0.003) TIS 
апу? S09 0013 (0.005) 0.025 (0.001) 0.038 (0.0015) 0.05 (0.002) TIS 
I Carbide (ool | 
Г tooth (Лон) — 1 
Radial depth [ ter diameter. 4 
Hardness, of cut, mm Speed, 25-50 mm | Tool material 
Material нв Condition баа) mminiém) Э mm in.) — Dmm) 19 mM in.) (1-2) krade 





110-170 — Annealed 0.5 (0.020) — 1304425) 0.025 (0.001) 0.08 (0.003) 0.13 (0.005) 0.18 (0.007) 

1.5(0.060) — 119 0390) 0.05 (0.002) 0.10 (0.004) 0.15 (0.006) — 0.20 (0.008) 
73 (240) 0.038 (0.0015) 0.08 (0.003) 0.13 (0.005) 0.18 (0.007) 
55 (180) 0.025 (0.001) 0.05 (0.002) 0.100.004) 0,15 (0.006) 
1224400) 0.025 (0.001) — 0.08 (0.003) 0.13 00.0058) 0.18 (0.007) 
113370) 0.05 40.002) 0.10 (0.004) 0.15 (0.006) 0.20 (0.008) 
704230) 0.038 (0.0015) 00% 40.003) — 0.13 0.005) 0.18 (0.007) 
53 (175) 0.025 00.00) 0:05 (0.002) 0.100.004) 0.15 (0.006) 
107 0350) 0.025 (0.001) 0.08 (0.002) 0.13 (0.0058) 0.18 (0.007) 
99 (325) 0.05 40.002) 0.08 (0.003) 0.15 0.006) 0.20 (0.008) 


Commercially pure Ti (99.0). 






140-200 — Annealed 





200-275 Annealed 











/ 61 (200) — 0.038 (0.0015) 005 (0.002) 0.13 (0.005) — 0.18 (0.007) 

апу? 46 (150) 0.025 (0.000) 0025 (0.001) 0.10 00.004) 0.15 (0.006) 

Alpha alloys. r Less 300340 Annealed 0.5 (0.020) 91300) 0.025 (0.001) 0.05 (0.002) 0.13 (0.005) — 0.18 (0.007) 
Ti-5AL- Ti-SAL-2.5Sn-ELIL, 1.5 (0.060) жа 0275) 0.05 (0.002) — 0.08 (0.003) 0.15 (0.006) — 0.20 (0.008) 
i Фат 52 170) 0058 (0.0015) 0.05 (0.002) — 0.13 (0.005) 0.15 (0.006) 
diam/2 404130) 0.025 (0.001) 0.025 (0.00) 0.10 (0.004) — 0.13 (0.005) 


вв (290) 0.025 (0.001) 0.05 40.002) 0.13 (0.005) — 0.18 (0.007) 
79 (260) 0.05 (0.002) — 0.08 (0.003) 0.15 (006) — 0.20 (0.008) 
49 (160) 0.038 (0.0015) 005 (0.002) — 0.13(0.005) 0.15 (0.006) 


Alpha-beta alloys А 10-30 Annealed 5 (0.020) 
Ti-6ALAV, Ti-6AI-AV-ELI. 


Ti-6AI-28n-AZr-2Mo. 

















Ti-6AL-2Sn-4Zr-2Mo-0.25Si, 38(125) 9.025 (0.001) 0:025 (0001) 0.100.004) 0.13 (0.005) 
Ti-6AI- 320-380 Solution 0.5 (0.020) 69 (225) 0.025 (0.001) 005 (0.002) 0.100004) 0.15 (0.006) 
treated 1.5 (0.060) 6100) 0.05 (0.002) 0.08 (0.003) 0.13 (0.0058) 0.18 (0.007) 

and aged diam! 38 (125) 0.038 (0.0015) 005 40.002) 0.13 (0.005) 0.15 (0.006) 

diam/2 30(100) 0.025 00.00) — 0.025 (0.001) — 0.100.004) — 0.13 (0.005) 

Beta айоуз..... leere 275-350 Annealed or 0.5 (0.020) 46(150) 0.025 (0.001) 0.05 (0.0020 0.13 (0.005) — 0.IN (0.007) 
Ti-3AI-8V-6Cr-4Mo-42r, solution 1.5 (0.060) 404130) 0.03 (0.0015) 0.08 (0.003) 0.15 (0.006) 0.20 (0.008) 
Ti-8Mo-8V-2Fe-3AI. treated. апд 23 (75) 0:025 00.001) 0.05 (0.002) 0.13 (0.005) 0.15 (0.006) 
Ti-M.SMo-6Zr-4.5Sn. diami2 15650) 0.018 (0.0007) 0.025 (0.001) — 0.10 (0:004) 0.13 (0.005) 
Ti-I0V-2Fe-3AI. 350-440 — Solution. 0.5 (0.020) 380125) 0.018 (0.0007) 0.038 (0.0015) 0.08 (0.003) 0.13 (0.005) 
Ti-13V-1ICr-3AI treated 1.5 (0.060) 34(010) 0.025 (0.001) 0.05 (0.002) 0.100.004) 0.15 (0.006) 
and aged diami4 18(60) 0018 (0.0007) 0.038 (0.0015) — 0.08 (0.003) 0.13 (0.005) 

апы? 14(45) — 0.013 (0.0005) 0.025 (0.001) 0.05 (0.002) 0.10 (0.004) 


Note: ЕЦ, extra-low interstitial ta) Far stundurd-length end mills. the maximum axial depth may be onc and one-half times the cutter diameter. (hi Any premium high-speed tool steel can be used. Source 
Metcut Research Associates Inc 
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Table 3 Nominal speeds and feeds for face ті 


carbide cutters 
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ng titanium and titanium alloys with high-speed tool steel and 








— Carbide tool, uncoated 
















































































ні ‘ool steel 
EE Г EC 
Hardness, Depth of cut, mmitooth Tool material Speed, mimin (sfm) minh material 
Material нв Condition mm (ina) invtooth) grade. AISI razed’  Indexable —— (ün/tooth) grade 
Commercially pure Ti (99.0) 110-170 Annealed 1.0 (0.040) 0.15 (0.006) TIS, M42b) 162 (530) 17% (585) 0.13 (0.005) o 
4.040.150) 4101358) 0.23 (0009) TIS, M42«b) 122 (400) 134 (440) — 0.25 (0.010) 2 
7.540.300) 324105) 0.300.002) TIS. M42(b) — KS (QNO) 105 (345) 0.38 (0.015) 2 
140-200 Annealed 1.000.040) 440145) 0.1000.004) M2, M7 122 (400) 134 (440) — 0.10 40.004) 2 
4040.8) 340110) 0.15 (0.006) M2, M7 94 (300) 101 (330) 0.15 (0.006 C2 
7.510.300 2685) — 02040008 M2. М7 61200) 76250) 0.20 (0.008) 2 
200-275 Annealed 1.0 (0.040) 32 (105) 0.10 (0.004) M2. М7 99 (325) 107 (250) 0.10 (0.004) 2 
4.0 00.150) 24 (80) 0.15 (0.006) М2, М7 B4 (275) 91 (300) 0.15 (0.006) 2 
7.5 (0.300) 18 (60) 0.20 (0.00%) M2. М7 58 (190) 72 (235) 0.20 (0.008) 2 

Alpha alloys .300-440 Annealed 1:0 00.040) — 21000) 0.10 (0.004) TIS. M42b) 790260) В (290) 0.10 (0.004) 2 
TISAI 410.150) 17055) 0.15 (0:006) TIS, МАЗ) 691225) 770040) 0.15 (0.006) 2 
Ti-6AL-2Nb-ITa- 7.540300) 12040) — 02010008) TIS. M42tb) 461150) 50185) — 0.20 (0.008) 2 

Alpha-beta alloys. ...... ..310-350 Annealed 1000.040) 17055) 0.10 (0.004) TIS, М4206) 520170) 56 (185) 0.10 00.0041 C2 
TiHAL4V, Ti-6Al-4V-EL 40001502 14045) 0.15 00.006) TIS; МА2Ь) 40030) 440145) 0,19 0.06) С? 
Ti-6AL-2Sn-4Zr-2Mo, 715 (0.300) 11035) 0.200.008) TIS, M4%b) 29095 350115) 0.20 (0.008) 2 
Ti-6AI-2n-4Zr-2Mo-0.258i. 330-380 Solution 10040040) — 17(55) 008 (0.003) TIS. M42(b) 44 0145) 490160) 0.10 (0.004) 2 
TI-SAL2Sn-AZr-6Mo treated 4.000.150) 15 (50) 0,13 00.005) TIS, M4Xb) 340110) 37 0120) 0.15 (0.006) 2 

and aged 7.5 0:300) 12040) 0.1 (0.007). TIS. МАЗЬ) — 24 (80 29095) — 0.20 (0.008) 2 

Beta alloys .. ai 275-350 Annealed or 1.0 (0.040) 12140) 0.08 (0.003) TIS. M42(b) 400130) 440145) 0.10 (0.04) С? 
Ti-3ALRV-6Cr-MMo-AZr, solution 4000.150) 9030) 0.13 (0.005) M4Nb) 30000 34110) 0150000 С? 
Ti-8Mo-8 treated — 7.54000) 600) — 0.18 (0.007) мах) 20100 — 2605) 020000009 С? 
Ti-11.5Mo-6Zi 350-440 Solution 1.0 (0.040) 9 (90) 0.05 (0.002) M42(b) 24080) 27090) олобо) С? 
Ti-10V-2Fe-3Al, treated — 4.040.150) К) 0.100.004) TIS, Má2tb) 18060) 20065) 0190.060) C2 
Ti-13V-HCr-3AI and aged 7500200) 600) 01500406) TIS, Má2t) 12040) 15050) — 02040008 С? 

Note: ELI, extra-low interstitial: (a) Depth of cut is measured parulle to the axis of the cutter. (b) Any premium high-speed tool steel (TIS. M33, MáI-M4T), Source: Metcut Rescarch Associates Inc. 

Table 4 Nominal speeds and feeds for drilling titanium and titanium alloys 

— Feed, mares fin jeevya) — —— той 
н Nominal hole diameter material 
Hardness, 6mm 13 тт 19 mm 25 тт Mmm 50 mm grade, 
Material HB Condition. m/min (stm yay (Mein (in) Ming "ж. "мап. "ш. AISI 
Commercially pure Ti (99.0)....... 110-170 Annealed 24 (80) 0.013 MIO, M7, MI 
(0.0005) 
маю) оз 020 — 025 — 030 оз 043 МЮ. M7. MI 
40.005) (0.008) (0.0100 (0.012) (0.019) (0.017) 
140-200 — Annealed 20 (65) 0.018 LU 5 MIO M7, MI 
40.0005) 
27 (90) . оз — 020 — 025 — 030 ов 0413 МЮ. M7, MI 
(0.008) (0,008) (0.080) — (0.012) (0.015) — (0.017) 
200-275 — Annealed 12 (40) 0.025 - р : <- MIO М7, МІ 
(0.001) 
17 (55) oos 013 020 оз 030 ов — 043 M10. M7, MI 
40.002) (0.005) (0.008) (0.010) (0.012) 40.015) (0.017) 

Alpha alloys. |... ..300-40 Annealed 14 (45) 005 — 013 б 020 025 ою 038 ТІ, МА) 
Ti-SAL2,58n.. (0.002) (0.005) (0:007) (0.008) (0.010) (0.012) (0.015) 
Ti-5AL2.58n-ELI, 

Ti-6AL2Nb-ITa-0.80Mo 

Alpha-beta alloys ......-........310-350 Annealed uan 010 oas ош — 020 — 025 — 030 ТІ, M4Nb) 
Ti-6AL-4V, Ti-6AL-AV-ELI. (0.004) (0.006) — (0.007) — (0.008) (0.010) — (0.012) 
Ti-6AL2Sn-4Zr-2Mo. 320-380 — Solution. 900. 008 — 013 0.15 018 023 — 025 — TIS. M42b) 
Ti-6AI-280-4Zr-2Mo- Si, treated (0.003) (0.005) (0.006) 10.007) 40.009) — (0.010) 
Ti-6AL2Sn-4Zr-8Mo and aged 

Betaalloys.. isses 2052380 Annealed or — 8005) 005 oo бю оз 015 ом — 020 ТІ, Mtb) 
Ti-3Al-8V-6Cr-4M0-4Zr. solution 40.000) (0.003) (0.004) — (0.005) 10.006) 40.007) (0.008) 
Ti-8Mo-8V-2Fe-3AI, treated 
Ti-1 L.SMo-62r-4.58n, 350-440 — Solution 600) ооз 005 oos ою ою оз 015 — TIS. МА) 
Ti-10V- Al, treated (0.001) (0.002) (0.003) (0.004) — (0.004) (0.005) — (0,006) 
Ti-3V-TICE3AL and aged 


Note: ELI extra-low interstitial. (a) For drilling deep holes with twist 
by 207, feed hy ИКУ: five di 
Source: Metcut Research Associates Inc. 





drills. 


eters. speed by 3077. Feed by 207: six diameters, speed by 35%. feed by 20%; eight diameters. speed by 40%. feed by 20 


reduce speed und feed as follows: If hole depth is three drill diameters, reduce speed by 1055. feed by 10% : four diameters, speed 


Yà. bl Any premium high-speed steel can be used, 





be flooded with standard grinding oils. Wa- 
ter-soluble nitrite amine solutions (rust in- 
hibitors) also work well with aluminum 
oxide wheels. Silicon carbide wheels, how- 
ever, operate best with sulfochlorinated 
grinding oils. Complete flooding of the 
workpiece minimizes the possibility of firc. 
A 10% solution of nitride rust inhibitor in 





water eliminates the risk of fire but is less 
effective than oil with SiC wheels. Water- 
soluble oils are also useful but are less 
effective. Some wheel specifications for 
various grinding operations and parameters 
are given in Table 8. 

When it is necessary to grind by hand or 
if coolants cannot be used, care should be 


taken to provide protection (against hot 
sparks) for nearby personnel or equipment. 

Belt Grinding. Coated-abrasive grinding 
requires proper selection of the belt, coolant, 
and operating parameters. Resin-bonded 
cloth belts with SiC abrasive generally pro- 
vide the best performance. A 50-grit belt is 
typically used for coarse grinding, and a 120- 





Cutting speed, stm 
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Cutting speed, m/min 





i Effect of cutting speed and cutting fluids in 
Fig. 9 4, ing solution fried abd aged Ti-6Al-4V 
having 375 HB hardness, Cutting fluids, wear rates, and 
tool life: A, chemical emulsion (1:15), 0.15 mm (0.006 
in.) weor of 13 m/min (43 sfm), 250 holes; B, heavy-duty 
soluble oil (1:15), 0.15 mm (0.006) wear at 18 m/min (60 
sfm), 200 holes; and C, chlorinated oil, 0.13 mm (0.005) 
wear at 18 m/min (60 sfm), 300 holes. Drill used was a 6.4 
тт (7% in.) diam tool made of M7 high-speed tool steel, 
was of screw-mochine length, and incorporated an oil hole. 
Tool life end point was 0.38 mm (0.015 in.) of wear. 





grit or finer belt is used for finish grinding. A 
surface finish of 0.125 to 0.25 рт (5 to 10 
шіп.) is obtainable in commercial practice. 
Fluids should always be used to protect 
the workpiece and eliminate sparks, which 
might cause fires. Spraying and flooding 





techniques are used. Water solutions of 
15% tripotassium phosphate or 5% potassi- 





um or sodium nitrite have been effective. 
Detailed information on coated abrasives is 
available in the artic Grinding Equip- 
ment and Processes" in this Volume. 

Belt grinding performance generally im- 
proves with an increase in load and a de- 
crease in speed. Speeds of the order of 5 to 
10 m/s (1000 to 2000 sfm) and pressures in 
the vicinity of 0.7 MPa (100 psi) provide 
optimum productivity and belt life. 

Abrasive Cutting. Rubber-bonded 60- 
grit SiC cutoff wheels flooded with a water 
solution of 10% nitrite amine (rust inhibitor) 
have been used. Machines with oscillating 
cutting heads give the best results. If the 
workpiece diameter is greater than 75 mm (3 
in.), rotation is recommended to minimize 
wheel breakage and/or heat checking. Op- 
erating guidelines for abrasive cutting are 
given in Table 9. 

Hand Abrasive Grinding. A clean wheel 
used only on titanium is important. An 
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10 59% top modified by grinding owoy 
e pd ee of thread to optimize the 
threading of titanium. It is essential to use taps with 
interrupted threads ond with alternate teeth removed. 
The greatest chip clearance is obtained by grinding a 
large chamfer on the trailing edge of the top. 





open-type wheel containing large grains has 
been found to minimize clogging. Excessive 
buildup of heat should be avoided to mini- 
mize metal contamination. Ground surfaces 
should be filed or mechanically finished to 
remove abrasive particles and particularly 
any visible metal oxide (burns). 

Sandpaper or steel woo! should be avoid- 
ed, whecl-type mechanical burrs (rotary 
files) should be operated at low speeds to 
avoid burning and to maximize tool life. 
Additionally, when titanium is ground, mea- 
sures must be taken to protect adjacent 
titanium surfaces as well as the surround- 
ings from the extremely hot sparks. 








Sawing 

Band Sawing. Coarse-pitched (6 teeth/25 
mm, or | in.) high-speed tool steel blades, 
25 mm (1 in.) wide, employed at speeds of 
24 to 27 m/min (80 to 90 sfm) have given 


Cutting speed, stm 
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15 ГС] 
150 —! H 
| \e 
3 125 - - 
E 
$ 100) 
E 
5 
Sw € 
$ 50 4 
ё 
25) — 
0 | 
3 46 61 76 91 106 122 
Cutting speed. m/min 
Fig. V1 tect of cutting speed and cutting flid in 
g. lapping solufion-treated and aged Ti-6Al- 


AV with 375 we hardness. Cutting fluid; A, phosphated 
(nonchlorinated) oil, 150 holes, and B, chlorinated oil, 
9.1 m/min (30 stm). Top was a chromium-plated, spiral- 
point, three-flute 8 mm (510 in.)-24 NF plug tap made of 
MI high-speed tool steel. Percentage of thread was 75. 
Depth of through hole was 13 mm (V^ in.). Tool life end 
point occurs with tap breakage or undersize thread. 





good results. Cutting rates of the order of 
650 mm?/min (1 in.?/min) are optimum. Wa- 
ter-soluble or sulfochlorinated cutting fluids 
are required. Rigid setups are necessary for 
precision work. 

Hacksawing. Rigid setups and cither water- 
soluble or sulfochlorinated cutting fluids are 
suggested, Low surface speeds and positive 
feed, combined with coarse-pitched (3, 4, and 
6 teeth/25 mm, or | in.) high-speed tool steel 
blades have proved to be effective. Surface 
scale or contaminated surfaces cause rapid 
blade wear if not removed. Operating guide- 
lines for hacksawing are given in Table 10. 





Table 5 Nominal speeds for tapping titanium and titanium alloys with 


high-speed tool steel taps 





Speed. тїтїп (Ута) 















Hardness, rte, mm (threadsin.) Tool material 
Material HB Condition 15-30-19 I-L506-28) 124) grade, AIS] 
Commercially pure Ti (99.0)....... 110-170 Annealed 6.1 (20) 12.240) 16.8 (55) 18.3460) — Nitrided 
MIO, M7, МІ 
140-200 Annealed 4.6 (15) 9.1 (30) 13.7(45) 15.2 (50) — Nitrided 
MIO, M7, MI 
200-275 Annealed 3702) 7.6 Q5) 10. G5) 12.240) — Nitrided 
10, M7, MI 
Alpha айу, 300-340 Annealed 3010) 4.6 (15) 6100 7.6025) Nitrided 
MIO, M7, MI 
..310-380 Annealed 2.1 (7) 4605) 5.5 018) 61 0200) Nitrided. 
M10. M7, МІ 
320-380 Solution — 0.93) 21() 2709) 3000) Nitrided 
Ti-6AL-2Sn-4Zr- Moo. 258i, treated MIO, M7, MI 
Ti-6Al-2Sn-4Zr-6Mo and aged 
Beta alloys . . 275-350 Annealed ог 1.5 (5) 3000 4.3014) 46015) — Nitrided 
Ti-3AL8V- solution. M10, M7, MI 
Ti-RMo-8V-2Fe-3AI, treated 
Ti-11.5Mo-6Zr-4.5Sn. 350-440 Solution — 0.6Q)  0.9G) — 12(4 1515  Nitrided 
Ti-I0V-2Fe-3AI. treated MIO. M7, MI 
Ti-3V-HCr-3AI and aged 





Note: ELI, extra-low interstitial 
tapping deep holes, blind holes. 





higher percentages of thread. 


(a) These speeds are for tapping 65 to 79% threads in shallow through holes. Reduce speed when 
Source: Metcut Research Associates Inc. 
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Table 6 Nominal speeds and feeds for reaming titanium and titanium alloys with high-speed tool steel and 


carbide reamers 







































































































Т Roughing | 
| -— Feed. mmirey(in.revia) 
m Reamer diameter ‘Too! material 
Hardness, 13 mm Mmm 1 агае AISI or 
Material нв Condition ^ mimimism) З mam (Аа) б mm (баба) — (rima — 2mmdim) (Иш) Soma) grade 
Commercially pure Ti (99.0) 110-170. Annealed 5з (175) 0.100.004) 0.20 (0.008) 0.300.012) 0.45 (0.018) 0.55 (0.022) 0.64 (0.025) MI. М2, М7 
1146375) 0.10 (0.004) 0.20 (0.008) 0:30 (0.012) 0.45 (0.018) 0.55 (0.022) 0.64 (0.025) `2 
140-200 Annealed 430140) 0.10 (0.004) 0.20 (0.008) 0300012) 0.45 (0.018) 0.55 (0.022) 0:64 (0.025) MI. M2, MT 
14 B75) 0.10 (0.004) 0.20 (0.008) 0300.012) 0.45 (0.018) 0.55 (0.022) 0.64 (0.025) C2 
200-275 Annealed 37 (120) 0.10 (0.004) 0.200.008) 0.300.012) 0.45 (0.018) 0.55 (0.022) 0.64 (0.025) МІ. M2, MT 
91 300) 0.10 (0.004) 0.20 (0.008) 0.300.012) 0.45 (0.018) 0.55 (0.022) 0-64 (0.025) єз 
Alpha alloys 300-340 Annealed 21(70) 008 (0.003) 0.18 (0.007) 0.23 (0.009) 0.30 40.012). 0.38 (0.015) 0.43 (0.017) TIS, МАЛЫ) 
TiSAL2 76 (250) 0.08 (0.003) 020.008) 0.30 (0.012) 0.400.016) 0.50 (0.020) 0,58 (0.023) 3 
Alpha-heta alloys... ss. 310-350 Annealed 20 (65) 006 (0.003) 0.15 (0.006) 0.25 0.010). 0.30,40.012) 0,35 (0.014) 0,400,016) TIS. M42tbi 
Ti6ALAV, THSATAV-ELIL 61 (200) 0.08 (0,003) 0.15 (0.006) 0.250.010). 0.300.012). 0.35 (0.014) 0.40 (0.016) 7-2 
TESAE2Sn-AZr-2Mo, 320-380 Solution 15 (5) 0.08 (0.003) 0.180.007) 0.25 (0,010) 0.300.012). 035 (0.014) 0.40 (0.016) TIS, M42(b) 
T-6AL-2Sn-42Z1-2Mo-0.25Si, treated 49 (160) 0.08 (0,003) 0.18 (0.007) 0.25 (0.010) 0.3010.012) 0.35 (0.014) 0.40 (0.016) єз 
Ti6AL-28n-471-6Mo and aged 
Beta alloys 275-350 Annealed or — 9(30) 0.05 (0,002) 0.13 (0.005) 0.18 (0.007) 0.25 (0.010) 0.30 (0.012) 0,35 (0.014) TIS. M421b) 
Ti3AESV-6Cr-AMo-4Zr. solution 2305) 0.05 (0,002) 0.13 (0.005) 0.18 (0.007) 0.25 0.010. 0.30 (0,012) 0.35 (0.014) c2 
Mo-8V-2Fe-3AT, treated 
1.SMo-62r-4.5Sn, 380440 Solution 6 (20) 0.05 (0,002) 0.104004). 0.15 (0.006) 0.20 40.008) 025 (0:010) 0.300.012). TIS, M42Xb) 
Ti-I0V-2Fe-3AL, treated 15 (50) 0.05 (0 002) 0.10(0,004) 0.15 (0.006) 0.200.008) 0.25 (0.010) 0.30 (0.012) c2 
Té13V-HCr-3AI and aged 
UU - rai —————— 
| p Feed, mmirev (intreva ———— | 1 
— Reamer diameter — — — — — ] Too material 
Hardness, Speed, 38 mm grade, AISI or 
Material HB Condition — mminidm! Amm (Ms in,) 6 mm (4 in.) 25mm (1 in.) Giny бот C prade 
Commercially pure Ti (99,01 ,...... 110-170 Annealed IN460) 010000) 0.15 (0.006) 0.25 (0.010) 0300012) 0.3R (0.015) 0,50 (0.020) MI, M2. M7 
2305) 0.100.004) 0.15 (0.006) 025 40.010) 0.30 (0.012) 0.38 (0,015) 0.50 (0.020) сз 
140-200 Annealed 15 (50) 0.040.004) 015 (0.006) 0.25 (0.010) 0.30 (0.012) 03560014) 040 0.016). MI, M2, M7 
20165) 01000.04) 0.15 (0.006) 0,25 40.010) 0.30 10.012). 0.35 (0.014) 040 (0.016) 2 
200-275 Annealed 14045) 0.100.004) 0.15 0.006) 0.25 (0.010) 0.30 (0.012) 0.35 (0,014) 0.40 (0.016) MI, M2, M7 
18 460) — 0.040.004). 0.15 (0.006) 025 (0.010) 0.30 (0.012) 0.5 40.014) 0.40 (0.016) C2 
Alpha alloys isses 300340 Annealed 6.420) 0.10 (0.004) 0.15 (0.006) 0,25 (0.000). 0.300.012). 0.35 0,014). 0.40 (0.016) TIS, M42tb) 
Ti- MBS 01040004) 0.15 (0.006) 0.25 (0.010) 0,30 (0,012). 0.35 (0.014) 0.40 (0.016) c2 
Ti-5AL 
Ti-bAl-2Nb-1Ta-0.80Mo 
Alpha-beta alloys... 2 MO-MO Annealed 600) 0.10 (0.004) 0.15 (0:006) 0,25 (0.010). 0.300.012) 0.35 00.014) 0.40 (0016) TIS. МЫ) 
Ti6ALAV, Ti 6ATAV-ELL, 11038) 0.100.004) 0.100.006) 0.25 (0.010) 0.30 (0.012) 0.35 40,014) 0.40 (0.016) єз 
T6AL-28n-4Zr-2Mo, 320,380 Solution 6020) 0.0% (0.003) 0.13 (0.005) 0.20 (0,008) 0.25 (0.010) 0.30 (0.012) 0.35 (0.014) TIS. Ma2tb) 
Ti-6AL28n4Zr-2Mo-0.258i treated MGS 0.08 (0.003) 0.13 (0.005) 0.20 (0.008) 0.25 (0.010) 0,30 (0.012) 0.35 (0.014) сз 
Ti-6AL280-Zr-8Mo and aged 
Beta alloys. 275-380 Annealed ог StS) 0.08 (0.003) 0.13 (0.005) 0.20 (0.008) 0.25 (0.010) 0.30 (0.012) 0.35 (0.014) TIS. M42(b) 
ТЕЗАТЋУ Ы solution. 9(30) 008 (0.003) 0.13 (0.005) 0.20 (0.008) 0.25 0.010) 0.30 (0.012) 0.35 (0.014) c2 
Ti8Mo-RV. treated 
i-LSMo-6Zr4.SSn. 350-440 Solution 300 008 (0.003) 0.13 (0.005) 0.20 (0.008) 0.25 (0.010) 0.30 (0.012). 0.35 (0.014) TIS. M42(b) 
Ti-I0V-2Fe-3AI, treated 8 (25) 0.08 (0,003) 0.13 0.005) 0.200.008) 0.25 40.010) 0.30 (0.012) 0.35 (0.014) ca 
ТУТУ СТАТ and aged 


Note: ELL extra-low interstitial. (a) Based on four flutes for А and 6 mm (W and Wa in.) reamers. six flutes for 13 mm (V in.) reamers. and eight flutes for 25 mm 1| in. and larger reumers. (b) Any premium. 
high-speed tool steel can be used. Source: Metcut Research Associates Inc 





Nontraditional 





lling. Typical operating Laser Beam Machining. Cutting rates for 


Machining Methods 

Probably the most widely used of these 
methods for titanium and titanium alloys are 
electrochemical machining (ECM), chemi- 
cal milling (CHM), and laser beam machin- 
ing (LBM). Detailed information on these 
processes can be found in the Section 
“Nontraditional Machining Processes" in 
this Volume. 

Electrochemical Мас! 9. An example 
of typical ECM operating conditions is the 
following. For Ti-6Al-6V-2Sn (annealed). 
the electrolyte is sodium chloride at a con- 
centration of 120 g/L (16 oz/gal.), the max- 
imum starting voltage is 3.2 V, and the 
metal removal rate is approximately 1.64 
cm */min/1000 A (0.10 in. ‘/min/1000 A). The 
electrolyte temperature is 40 °C (100 °F). 











conditions for titanium alloy: 








2 Hydrofluoric acid 
0.015-0.030 
(0.0006-0.0012) 
+ 3.18 40.125) 
46 +27 (NS + 5) 





Optimum etch depth. mm (in.) 

Etchant temperature. °C (°F) 

Average surface roughness 
(В), итнїп.).............. 





0.40-2.50 (16-100) 





Tolerances on depth of cut up to 12.7 mm 
(0.5 in.) for titanium alloys are: 

















I Depth of cot — —] [Tolerance —; 

01.25 0-0.080 ......... 0.05 0.002 
1,25-2.55 0.050-0.100........ 0075 0.003 
2.55-6.35 0.100-0.250. ‚010 0.004 
635-12. 0.250-0 500 015 0.006. 








titanium alloys are shown in Table 11. Cut- 
ting speed data are based on the use of a 
continuous-wave CO, laser with an oxygen 
assist. 


Guidelines for Machining 
Zirconium Alloys 


These materials can be machined with 
conventional methods, including turning 
and boring. milling, drilling, wheel grinding. 
belt grinding, and sawing. A nontraditional 
method, electrical discharge machining 
(EDM), is also used. 

The three basic parameters are: 


© Slow speeds 
* Heavy feeds 
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Fig. 12 Surface characteristics of Т.-6А1-4У (32 to 34 HRC) produced by 3° traverse surface grinding. (a) Gentle grinding. (b) Conventional grinding. (c) Abusive grinding. 
9. Numbers inside photomicrographs indicate hardness (HRC values converted from Knoop hardness measurements), Surface finish measurements are averages of 
readings made on all specimens from each group. Orientation was along the longitudinal grind. Surface sections are perpendicular to the grinding lay. 100% 
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; Effects of grinding on high-cycle fatigue 

Fig. 13 behavior of annealed Ti-6ALAV with a 


hardness of 32 to 34 HRC. EDM, electrical discharge 
machining; CHM, chemical milling 


* A flood coolant system using a water- 
soluble oil lubricant 


Zirconium has a marked tendency to gall 
and work harden, necessitating higher-than- 
normal clearance angles on tools to pene- 
trate the previously work-hardened surface 
and cut a clean, coarse chip. 

At the clevated temperatures generated at 
the tool and chip interface, there is a great 
tendency for zirconium to alloy with the 
carbide cutting material. For this reason, it 
is important to design cutting tool geometry 
for free cutting and to keep tool surfaces 


smooth to minimize chip friction. Also, 
tools need to be sharpened frequently. 

Satisfactory results can be obtained with 
both cemented carbide and high-speed tool 
steel tools. However, the carbide usually 
gives better finishes and higher productivi- 
ty. Polishing or honing cutting edges length- 
ens tool life. Zirconium alloys machine to 
an excellent finish, requiring relatively light 
horsepower in comparison with alloy steel. 
Tool forces are relatively low. 

Advances in insert geometry and the 
development of a tough carbide grade have 
made it possible to increase productivity 
and lower tool costs in the machining of 
zirconium and hafnium. With the new chip 
groove configuration (Fig. 14). a typical 
continuous stringer is directed away from 
the tool and is kept from balling up or 
dangerously wrapping around the work- 
piece. The new carbide grade can with- 
stand the extreme stresses at the toolcut- 
ting edge. Grade H-91 has a minimum 
transverse rupture strength of 2800 MPa 
(400 ksi). Other grades in the series, in 
order of increasing wear resistance and 
decreasing toughness. are H-17 (micro- 
grain), H-21, and HA. Properties and com- 
positions of these carbide grades are listed 
in Table 12. 

The new chip groove (Fig. 14) is designed 
to direct and control long continuous chips 
away from the workpiece. The positive ac- 
tion of the groove results in lower tool 
pressures and increased operator safety. 
However, caution should be exercised in 
machining zirconium because of its pyro- 
phoric properties. Clean machines and the 





use of moderate-to-heavy chip loads mini- 
mize danger. 

In general, a moderate-to-high positive 
lead angle should be used whenever possi- 
ble. This helps to thin chips and reduce 
cutting pressures. 

A coolant of soluble oil and water is rec- 
ommended. Care should be taken in choosing 
à coolant because some solvents have an 
adverse reaction with these materials. Proper 
lead angles and coolants help reduce or pre- 
vent insert notching at the depth-of-cut line. 

Precise working equipment, including 
toolholders, seats, and tool blocks, is nec- 
essary to machine reactive alloys. The more 
rigid the setup, the better the tool perfor- 
mance. Operating parameters for machining 
with Н-91 are set forth in Table 13. 

Turning and Boring. Zirconium alloys 
can be turned without difficulty if tools are 
sharp and a coolant lubricant is used. Typ- 
ical starting parameters are listed in Table 
14. The guidelines that follow are for turn- 
ing zirconium with carbide tools. 

In the hot-worked condition, zirconium 
alloys have a tight, abrasive scale on them 
Rough turning under these conditions can 
be effective with the use of grade H8 (C-1) 
tungsten-carbide-cobalt tools. Finish turn- 
ing calls for a hard wear-resistant grade 
such as HA (C-2). Grade HF (C-3, C-4) is 
used on very light cuts. 

In roughing and finishing. the following 
tooling parameters are used: 

















© Roughing: Side rake, 5°; back rake. 0°: 
side cutting-edge angle, 15 to 30°; nose 
radius, 0.8 mm (1/2 іп.); and relief, 5° 
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Table 7 Examples of low-stress grinding operating parameters 














J Down feed or infeed, munipass (in piss) —— 














Grinding whee — 3] Workpiece feed, 
им ° Speed. Dressing ү Finishing steps Sparkout 
Grinding method Material motion cation wvs(sfm) ^ technique Lubricant Roughing | First Second Third passes 
Surface grinding ..... Titanium Traverse C6OI8V 12-16 Coarse(a) Sulfochlo- I8 00s OBa 0010а 001S at 2 
alloys or (2400-3100) rinated 060) (0:050) 0.002) 0003 0.010 0.005 
plunge oil (0.009 at. (0.0004 at (0.0006 at 
0.0005) — 0.004) — 0.0002) 
Notch — CIRORSB — 25-30 Кие)  Sulfochlo- I8 o 0025 0.0025 0.0015 0 
(4800-6000) inated — (60) (0) еи) — (0.000) (0.00005) 
oil 
Cylindrical grinding .. Titanium Traverse C6OJ8V — 14-63 Coarse — Sulfochlo- — 12-30 180 — 0025 OBa 000a — QOIS at 2 
alloys (2800-3250) minated б-н) 708) 00.000) 003 0.010 0.005 
oil 40.009 ш (0.0004 at (0.0006 at 
0.0005) — 0.0004) — 0.00002) 
Plunge — C&USV — M-6$ Coume — Sulfochlo- 12-30 0 0005 — 0.0020 |o 00005 5-20 
(2800-3250) inated — (40-100/c) — (0) 0.0002) (0.00008) (фе) огу 
ой 
Notch — CINR9B 2338 Fine Sufochle- 12-30 o 0405 0.0020 0.0005 5-20 
(4700-5500) inated — (40-100) — (9) — 10.0002) (бооой) (0.000240) — rev 
oil 
{us Single-point diamond at 25 mm (1 in.) in 7 s ibi Single-point diamond at 25 mm (1 in.) ia 21 s. deh Use highest possible table speed (workpiece) up to 30 mimin (H0 «fmt, (d) Lasts аге in mimmin tin 
thin) te) Values ше &pprovimate: hand feed al à slow steady rate, units are in mnvrev (n./rev), Source: Metcut Research Associates Inc 





Side rake, 5°; back rake, 0°; 
side cutting-edge angle, 0 to 15°; nose 
radius, 0.8 mm (V^: in.); and relief, 














Milling. Both vertical face and horizontal 
slab milling give good results. Wherever 
possible, zirconium should be climb milled 
to penetrate the work at the maximum 
approach angle and depth of cut while 
emerging through the work-hardened area. 
The faces and edges of milling cutters 
should be kept very sharp. A set of her- 
ringbone cutters will permit positive axial 
rake angles to be effective at both sides of 
а recess. Optimum surface finish and tool 
life are obtained when the tool is ground 
with a positive 12 to 15° radial rake and 
when cutting corners are ground to a 3.2 
mm (/ in.) x 45° chamfer. A high-spiral 
flute should also be used. The work should 
be flooded or sprayed with a coolant to 
wi away all chips from the tool. The 
feed can range from 0.05 to 0.25 mm/tooth 
(0.002 to 0.010 in./tooth) at 45 to 75 m/min 
(150 to 250 sfm). With sharp cutters, the 
work absorbs about 12% of the cutting 
energy. Zirconium requires only about 


























(a) (b) 


Fig. 14 New stip groove design developed for 
9. machining both reactive and refractory 
metals. (a) Front view. (b) Side view 


75% of the horsepower required for SAE 
1020 cold-rolled steel. 

Drilling. The standard, fresh-ground 
(118°), thin-webbed drill running at slightly 
lower than normal speeds (12 to 18 m/min, 
or 40 to 60 sfm) and a feed of 0.13 to 0.25 
тт\/теу (0.005 to 0.010 in./rev) with a cool- 
ant-lubricant gives good results for zirconi- 
um. A firm backing should be used to 
prevent burrs at the exit. Adequate stock 
should be left for reaming so that smearing 
can be minimized. In tapping zirconium, 
chip-driver or gun-type taps give good tool 
life, but must be kept sharp. 

Grinding. Zirconium can be specified for 
applications for which extremely close di- 
mensional tolerances and high-quality sur- 
face finishes are required. The grinding 
mcthods used involve standard grinding ma- 
chine equipment for all functions, such as 
surface grinding, cylindrical grinding. cen- 
terless grinding, and belt grinding. In addi- 





tion, all standard abrasive equipment such 
as abrasive wheels, coated abrasives, and 
lubricants can be used 

The grinding characteristics of zirconium 
and its alloys are similar. and both wheel 
and belt grinding can be used. The use of a 
straight grinding oil or oil coolant not only 











Table 8 Wheel specifications for 
precision grinding of titanium 














‘Conventional speed, Гом speed, 
20-30 mis (4000-6000 — 7.5-10 mis 
Grinding operation. мт) 41500-2000 sfm) 
Centerless.... XICSA-MSR. nm 
Cylindrical .3TCRO-KVK 32A60-KSVBE 
Internal = 39C60-K8VK 32A60-LEVBE 
Surface 
Horizontal 
Spindle 39UNI-KRVK. 32A80-LSVBE 
Vertical spindle 
Cylinder ....., 37C60-HVK 
Segments ,..., 32A24-HI2VBEP 
Thread ...... 37C220-T9BH 





Table 9 Operational information for abrasive cutting 





I 


Machine setting 


7760 mm (7340 in.) 


— War diameter(a) — 
760 mm ( 73.90 in.) 





min) ~- 







Speed. m/ 
Cutting motion. 





аА 





cee 50-100 (2-4) 
35-60 (7000-12 000) 
-. Oscillating wheel 


130-150 (5-6) 

30-35 (6000-7000) 

Oscillating wheel and work 
rotation 


acr soluuen of rust inhibitor (nitrite-amine types) andor 10% water solution of soluble oil may be used as coolants. 





Table 10 Operational data for hacksawing titanium 
































— Machine setting ———d 
Feed, mmistroke (in./stroke) ——= | 
— Workpiece size — 
150-205 mm 205-255 mm 255 тт 
(6-8 in.) (210 ind 
pure... 90-100 0.30 (0.012) 0.23 (0.009) 0.15 (0.006) 0.08 (0.003) 
All alloy grades 
Annealed .. . 60-90 0.23 (0.009) 0.15 (0.006) 0.08 (0.003) 0.08 (0.003) 
Heat treated. . 30-60 0.23 (0.009) 0.15 (0.006) 0.08 (0.003) 0.08 (0.003) 








az d 


Table 11 LBM cutting rates for 
titanium alloys 








Work thickness Cutting speeds) —, 





Type of cut mm in. таша inmin 
Contour Os — 000 5080 200 
Contour L6 — 0062 4060 160 
Contour 31 0125 3050 120 
Straight. 6 0.250 $080 200 
Contour ,,,.. 6 0.250 1520 60 
Contour n 0.50 1020 40 
Contour 28 10 эхо їз) 
Contour 50 20 130 Sibi 
(a) Data ure based on use of a continuous wave COs laxer with an. 


yin assist. (bb 16 KW (21 hp) laser was used. Source: Metcut 
Research Associates Ine 





produces a better finish and higher yields. 
but also prevents ignition, which can occur 
when grinding swarf is fine and dry. 

Wheel Grinding. Zirconium grinding pro- 
duces a stream of white sparks. Conven- 
tional speeds (15 to 30 m/s. or 3000 to 6000 
sfm) and feeds (0.025 to 0.125 mmipass. or 
0.001 to 0.005 іп. /р; are satisfactory, and 
SiC generally gives better results than does 
Al,O,. The effect of the grinding fluid on 
zirconium is the same as for other metals. 
Straight grinding vils produce higher grind- 
ing ratios than water-miscible fluids at all 
infeeds, 

In cutoff work. silicon carbide rubber 
wheels prove to be the most effective. Op- 
erations and wheel recommendations are 
summarized in Table 15. 

Belt Grinding. Belt speed and contact 
wheel selection are two primary consider- 
ations, Recommended belt speeds are 10 to 
15 m/s (2000 to 3000 sfm) at low grinding 
pressures with 50-grit and coarser material, 
and 13 to 18 m/s (2500 to 3500 sfm) with 
60-grit and finer belts, with similar working 
pressure, At high grinding pressures. 
speeds of 13 to 18 m/s (2500 to 3500 sfm) are 
recommended with 50-grit and coarser ma- 

















Machi 


terial and 15 to 20 m/s (3000 to 4000 sfm) 
with 60-grit and finer material. 

Soluble-oil coolants either alone or mixed 
with water and applied in a flood are rec- 
ommended. Resin abrasive cloth may be 
used with oil and rubber contact wheels for 
general polishing operations, while resin 
industrial cloth type 3 or 6 is recommended 
ith oil when grinding pressures are 
1 ilarly. waterproof cloth for 
light work and А.О; for heavy work may 
be effectively employed with soluble oil and 
water coolants. 

Sawing. Power hacksawing is done most 
efficiently with coarse high-speed tool steel 
blades using a medium stroke rate (90 strokes 
per minute) and a light feed (cutting rate of 
about 480 mm?/min, or 0.75 in."/min). 

Band sawing is generally done with a saw 
having a 16 to 20 saw pitch and running 
approximately 23 m/min (75 sfm). A 1.1 mm 
(0.042 in.) rake set and a saw width of 13 
mm (% in.) in conjunction with a flood of 
soluble lubricant or an air stream to wash 
the chips away from the cut give satisfacto- 
ry results. A cutting rate of 840 mm?/min 
(1.3 in.*/min) gives an excellent finish. 

Cold circular sawing is done with a saw 
having a 15 to 20 saw pitch and running 
approximately 17 m/min (55 sfm). Teeth 
should be alternately leveled and square, 
with the leveled teeth slightly higher than 
the square ones. The cut and the saw blades 
should be cooled with soluble coolant. Finc 
chips should frequently be removed from 
the area to prevent a buildup of flammable 
solids. 

Health and Safety Considerations. Zir- 
conium is nontoxic. Nonetheless. there are 
serious limitations on its use because of 
potential health hazards. 

Zirconium is pyrophoric because of its 
heat-producing reaction with oxidizing ele- 
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ments such as oxygen. Large pieces of 
sheet, plate, bar, tube, and ingot can be 
heated to high temperatures without exces- 
sive oxidation or burning. However, small 
pieces with a high surface-area-to-mass ra- 
tio, such as machine chips and turnings, are 
easily ignited and burn at extremely high 
temperatures. Large accumulations of chips 
and other finely divided materials should be 
avoided. When storing chips and turnings, 
care should be taken to place the material in 
nonflammable containers in isolated areas. 
One effective storage method is to keep 
the material covered with water in contain- 
ers and, in turn. to use oil on the water to 
keep it from evaporating. If a fire acciden- 
tally starts in zirconium, water or ordinary 
fire extinguishers should not be used. In- 
stead, dry sand, powdered graphite, or 
commercially available Metal-X powder 
(sodium chlorid. ed) should be used. 
Large quantities of water can be used to 
control and extinguish fires in other flam- 
mables in the vicinity of a zirconium fire. 


Guidelines for 
Machining Hafnium 


Hafnium is similar to zirconium in ma- 
chinability. It is readily machined with con- 
ventional methods. However, like zirconi- 
um. hafnium has a tendency to gall and 
work harden. This can be minimized by 
using sharp tools and setting the depth of 
cut greater than 0.08 mm (0.003 in.) to pene- 
trate the work-hardened area created by pre- 
vious tool passes. Slow speeds and heavy 
feeds are recommended, and satisfactory г 
sults can be obtained with both carbide and 
high-speed tool steel tools. Carbide tools gen- 
erally give better finishes and higher produc- 
tivity. with tool life being similar to that 
obtained in the machining of stainless steel. 











Table 12 Properties of carbide grades used in machining zirconium and zirconium and hafnium alloys 












































Average 
transverse 
Composition, т —— Tool material grades — 3 Hardness, Density, rupture strength 
Proprietary carbide grade lwe Co Tac мс т 1 General purpose о HRA gemt MPa ksi 
[m 90.0 10.0 - K20. K30 9L4 14.85 2450 355 
н. 94.5 60 05 0.5 кї. K30 92.10 14.85 2120 308 
Hl SES по 05 05 05 Као 89.70 12.42 2690 390 
HA 93.5 55 10 10 = кї, K20 924 1490 1960 285 
Table 13 Parameters for machining zirconium with grade H-91 carbide inserts 
== Machine setings — — — — — — ———3 
peed Feed Depth of eut - ‘Too! geometry 
OD turning and facing 
Roughing 45-75 150-250 0.020-0.030 +1510 +60 
Finishing i 75-120 250-400 0.005-0.020 +15 00 +60 
Planing and shaping 3045 100-150 0.040-0.050 
Milling 
Roughing 45-60 150-200 xs =ISto +30 Positive axial and 
positive radial 
Finishing SPE 60-85 200-275 275 13 =0.050 +1510 430 Positive axial and 


а} Single-point tooling with high positive rake angles 120 to 25° py 


sitive chip groove) іх recommended. OD. outside diameter 





positive radial 
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Table 14 Typical parameters for turning and boring zirconium alloys 























i = Machine setingsal 1 
[ [ Send 1 r аы 1 
Operation (min stm i 
Roughing.... 0.51 0.020 24-30 80-100 0.125-0.250 
Finishing .. 0.13 0.005 30-46 100-150 0.010-0.040 








(à) Tool geometry: 0.8 mm 





) nose radius. 10" end clearance, 4.8 mm (ie in.) chip breaker. 15° back rake angle. l0 side rake angle 





Table 15 Wheel selection chart for grinding zirconium 











Operation. Grain type Band type Grit size Grade 
Surface grinding. SiC Vitrified 46-60 1 
Cylindrical кїй AIO; Vitrified 60-80 1-м 
Snagging .... на SIE Resinoid 20 P 
Cutoff. . SiC Rubber в L 





Care should be taken to minimize fine 
chips, as hafnium is pyrophoric in nature. A 
flood of water-soluble coolant is recom- 
mended. To minimize the fire hazard, chips 
should not be allowed to accumulate in the 
bed of the machine and should be continu- 
ally removed and stored, preferably under 
water, in isolated areas. 

Turning. Roughing cuts are thc most 
effective with a feed of about 5 mm/rev 
(0.20 in./rev) at 25 to 30 m/min (80 to 100 
sfm) to a depth of 3.18 to 6.35 mm (0.125 to 
0.250 in.). Tool geometry should include a 
0.8 mm (42 in.) nose radius. Alloyed car- 
bides, such as grade Н-91 (see Table 12), 
are commonly used. 

Finishing cuts can be made with the samc 
tool (reground and honed) by reducing feed 
to 0.13 mm/rev (0.005 in./rev) and depth of 
cut to 0.25 to 1.0 mm (0.010 to 0.040 in.). 
and increasing specd to 30 to 45 m/min (100 
to 150 sfm). A back rake angle of 15° should 
be used with clearance angles and side rake 
of 10°. Sharp tools and a coolant lubricant 
should always be used. 

Milling. The vertical face method is rec- 
ommended, but acceptable results can be 
obtained with horizontal slab milling. Faces 
and edges of the milling cutter should be 
kept very sharp. 

Optimum surface finish and tool life are 
obtained when the tool is ground with a 
positive 12 to 15° radial rake and insert 
cutting corners are ground to 3.2 mm (Vs in.) 
by 45° chamfer. A high-spiral flute should 
also be used. Work should be flooded or 





sprayed with a coolant to wash away all 
chips from the tool. Feed can range from 
0.05 to 0.25 mm/tooth (0.002 to 0.010 in./ 
tooth) at 45 to 75 m/min (150 to 250 sfm). 

Information in Table 16 is for machining 
hafnium with grade H-91 tooling. Machining 
methods include turning and facing, planing 
and shaping, and milling. 

Drilling. Hafnium can be drilled and 
tapped with standard techniques and equip- 
ment. Speeds of 15 m/min (50 sfm) at a feed 
rate of 0.13 mm/rev (0.005 in./rev) give 
satisfactory results. Copious coolant should 
be used to prevent overheating as well as 
potential tool binding and breakage. 

Health and Safety Considerations. 
Like zirconium and titanium, hafnium is 
nontoxic and does not require the use of 
complicated or expensive fabrication 
equipment or procedures because of health 
hazards. Fire is the only significant haz- 
ard. 

Hafnium is more pyrophoric than either 
zirconium or titanium, and special handling 
precautions are necessary when product 
forms exhibiting high surface-to-mass ratios 
are encountered. These include conditions 
such as thin turnings, chips, and powder. 
However, hafnium sheet, plate, bar, tube, 
and ingot can be readily heated to high 
temperatures without burning or excessive 
oxidation. 

Accumulations of chips, turnings, and 
finely divided particles are to be avoided. 
This material should be stored, totally cov- 
ered with water, in nonflammable, leak- 


proof containers placed in isolated areas 
(use of oil on the water to retard evapora- 
tion is recommended). Turnings and chips 
having minimal scrap values should be 
burned in small quantities in isolated areas 
by lighting with a fuse or a small flame. 
Local. state. and federal regulations should 
be reviewed and observed. 

Extreme caution is necessary to prevent 
ignition and explosion hazards when han- 
dling very fine particles that can become 
airborne. Inert gases such as helium or 
argon can be used to prevent ignition of 
powders or sponge. 

While water is recommended for storing 
chips and turnings, once ignited, moist haf- 
nium material will burn more violently than 
dry hafnium because decomposition of the 
water produces hydrogen. The use of water to 
combat hafnium fires is to be avoided. Also, 
common fire-extinguishing agents such as 
carbon dioxide, foam, and carbon tetrachlo- 
ride should never be used on hafnium fires 
because they will increase the rate of burning. 
Large quantities of water can be used to 
control and extinguish fires in other flamma- 
bles in the vicinity of the hafnium fire. Dry 
salt (sodium chloride) or commercially avail- 
able type D fire extinguisher powder is rec- 
ommended as an extinguishing agent. 
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Table 16 Parameters for machining hafnium with grade H-91 carbide inserts 














Mc settings <> 
r Speed. tt Feed. =H if Depth of cut 11 Tool geometry 
Operation Insert type тта sfm © тата inmin mm in, Lead angle, degrees Rake angles 
OD turning and facing 
Roughing . . і 45-60 150-200 0.50-0.75 0.020-0.030 =4 20.150 +15 to (+60) 
Finishing ...... 2 SPU 60-120 200250 013025 0.005-0.010 0.25-0.50 0.010-0.020 +1510 +60 
Planing and shaping. . Single-point toolingta) 30-45 100-150 10-13 0.040-0.050 =3 20.125 - 
Milling 
Roughing SPG 45-60 150-200 75-130 3-5 1.25-2.4 0.050-0.100 +15 0 +30 Positive axial and 
positive radial 
Finishing SPE 60-75 200-250 25-75 1-3 =1.25 =0.050 +15 to +30 Positive axial and 


(à) Single-point tooling with high positive rake angle (20 to 2: 


5° positive chip groove) is recommended. 


positive radial 





TSE CDT IIT aT TE WV TRE US COP mer. 


| 























perimental Strategy for Designing Tool 
Life Experiments. (Trans. ASME) J. 
Eng. Ind., Vol 100 (No. 4). 1978, p 441- 
450 


. №. Zlatin, M. Field, er al., "Machin- 


ability Parameters on New and Selective 
Aerospace Materials," AFML-TR-69- 


Machining of Reactive Metals / 857 


144, Metcut Research Associates Inc., 
1969 

5. W.P. Koster, "Surface Integrity of Ma- 
chined Structural Components," AFML- 
TR-70-ll, Metcut Research Associates 
Inc., 1970 

6. W.P. Koster, Manufacturing Methods 


for Surface Integrity of Machined 
Structural Components,” — AFML- 
TR-71-258. Metcut Research Associ- 
ates Inc., 1974 


. W.P. Koster, Surface Integrity of Ma- 


chined Materials," AFML-TR-74-80, 
Metcut Research Associates Inc., 1974 


Machining of Refractory Metals 


Harry E. Chandler, ASM INTERNATIONAL 


THE REFRACTORY METALS, nio- 
bium, molybdenum, tantalum, and tung- 
sten, differ considerably in machining 
characteristics. Both tungsten and molyb- 
denum lack ductility at room temperature, 
but molybdenum is less brittle than unal- 
loyed tungsten. Further, the brittleness of 
molybdenum varies considerably, depend- 
ing on its condition. Pressed-and-sintered 
and are cast molybdenum are both brittle, 
but forging greatly reduces their room-tem- 
perature brittleness, Niobium and tantalum, 
on the other hand, are ductile and can be 
machined by methods similar to those used 
for other ductile metals. 


Tooling, Cutting Fluids, 


ines and tools 
is essential in machining tungsten and mo- 
lybdenum, to obtain satisfactory cutting and 
to minimize damage to work during pro- 
cessing. 

Niobium. This metal may be machined by 
the usual techniques. However, special atten- 
tion should be paid to tool angles and lubrica- 
tion because niobium has a tendency to gall. 

In lathe turning, for example, these tool 
angles are recommended: approach angle, 
15 to 20°; side rake, 30 to 35°; side and end 








clearance, 5°; plane relief angie, 15 to 20°; 
nose radius, 0.50 to 0.75 mm (0.020 to 0,030 
in.) Air, soluble oil, and other suitable 
products are used to cool and lubricate. 

Molybdenum. Wrought molybdenum, 
which has a hardness range of 200 to 300 
HB, is similar to stainless steel in machin- 
ing characteristics. Conventional equip- 
ment and cutting tools are used. Tools 
must be kept sharp. and regular tool 
changes are recommended for best results. 
To avoid poor surface finish and excessive 
tool wear, heavy duty machines, rigid tool 
mounting, and firm workpiece clamping 
are essential. 











Table 1 Turning wrought, cast, and powder metallurgy (P/M) refractory metals or alloys with single-point and 








































box tools 
Tq pM асом brazed carbide iol — — 
Tool material 
Hardness, Depth of cut, Tool material grade, ISO() Speed, Feed, mmirev grade, ISQ(b) 
Material нв Condition mm (а.а) ЕЛ mémin(sm) nire) (C-gradetdi 
Niobium 22 170225 Stress 10.040) — 24(80) 0.130.005) S9, SIIC) (TIS, M42ye) 90 (300) 0.13 00.005) — K20. M20 (C-2) 
C103, CI29Y, Nb-IZr, Cb-752 relieved — 440.150) 21070) 0.13 (0.05) S9, SI Me) (TIS. Má2)c) 81 0265) 0,13 40.005) — K20, M20 (C-2) 
i -220-290 — Stress 1 (0.040) 1001325) 0.130.005) — K20, M20 (C-2) 
Mo, Mo-S0Re, TZC. relieved — 4 (0.150) I : 88 (290) — 0.25 (0.010) К20, M20 (C-2) 
Tantalum... eene 200-250 Stress 110.040) 18 (60) 0.13 (0.005) S9. 51е) (Т15, M42ye) 340110) — 0.130005) К20, M20 (C-2 
ASTAR КИС, T-11, T-222, relieved — 440.150) — 1550) 0.25 (0010) 59, S11) (TIS. M42) 26085) 0.25 (0.010) — K20, M20 (C-2 
TwlOW, Ta-Hf. Tab} 
Tungsten, 85% density .- =. 180-220 Pressed and 1404040) 30 (105) — 0.180007) KOI (C-4) 
sintered 400.150) 26485) — 025(0.010 KOI (C-4) 
Tungsten, 93% density 290-320 — Pressed and 1 (0.040) 27190) — 01840007) KOI (С-Ф) 
sintered — 440.15 24(80) — 02540010) KOI (C-4) 
Tungsten, 96 and 100% 
density. E ..290-320 Forged or 1 (0.040) 40 (130) 0.18 (0.007) — K01 (C-4) 
arc cast 4 (0.150) 37 (120) 0.25 (0.000) КОТ (C-4) 
Tungsten-2 thoria .....260-320 Pressed and 1 (0.040) 49(160) — 0.18 (0.007) KOI (C-4) 
sintered 4 (0.150у(а› 40 (130) 0.25 (0.010) КОТ (C-4) 


(и) Camtion: With the exception of tungsten-2 thoria, check horsepower requirements for depth of cu 
is greater than 4 mm (0. I5 io ). (b) Designation system of the International Organization for Standardi 
Classification system of carbide tools is defined in the article "Cemented Carbides ' in this Volume. (е) Any premium high-speed scel (TIS. M33, М41-47, or 


Associates Inc. 











ceeding 16 mm (0.625 in): for tungsten thoria, check horsepower requirements when depth of cu 
on (180), tc) Designation system of the American Iron and Steel Institute (AISI). (d) The C-grade 
10. S11, S12), Source: Metcut Research 





Table 2 Turning niobium and molybdenum alloys (wrought, cast, and P/M) with cutoff and form tools 






































Feed, mmirev (in./rev) Tool mate 
Cutoff tool width. 1 Form tool width prade, 15 
Hardness. 3mm 6mm Imm — dmm — 25mm mm 50 лип (AISI or 
Material нв Condition. (0.06 (0.125 in.) (0.25010) (0.500in) (0.750in.) (lin) (Sin) — Qin) Cpradey(a) 
Niobium x 2. 170-225 Stress 7055) 0025 0.025 0.038 0038 0.038 0.025 — 0018 0.018 — S9, SIN) 
C103, C129Y, Nb-IZr, Cb-752, relieved (0.001) (0.001) (0.0015) (0.0015) 0.0015) (0.001) — (0.0007) (0.0007) (TIS. M42y(b) 
FS-85, FS-291, WC-3015 560185) 005 005 0.038 0.038 0.0328 — 0.005 0018 оо — K40, M40 
(0.001) (000) (0.0015) (0.0015) (0.0015) (0.001) (0.0007) (0.00) (C-2) 
Molybdenum "T 220-290 Stress 62(205) 0.025 0.038 ооо 0.050 ооз — 0.038 — 0.005 0025 — K40, M40 
Mo, Mo-S0Rc. TZC, TZM relieved 40.00) (0.0015) (0.002) — (0.002) — (0.0015) (0.0015) (0.000) (0.00)  (C-2) 


(а) Use submicron carbide when the recommended carbide grade chips excessively. (b) Any premium high-speed steel (115, МЭЗ, M41-47. or 59, S10, S11, S12). 


Source: Meteut Research Associates Inc 
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Side rake 
angle 
К End cutting edge angle 
Side 
reliet 
angle 
M 
Nose radius: 





End relief angle 


Back rake angle 


Note: All rake and relief angles are 
measured In normat direction. 








p Carbide ——1] 
Г Highspeed stel Г Вт T Indexable 
Buck Side End — Side! Back Side Relief Back Side 
rake rake relief relief rake 


Hardness, angle, angle, angle, angl, angle, angle, de- — angle, 


Material HB 


rake angles, rake rake Relief 





Niobium, molybdenum, and 
tantalum alloys . 


217020 0 20 
Tungsten alloys .. ча» 


. 180-320 








angke, angles, 
degrees degrees degrees degrees degrees degrees grees degrees degrees degrees 
ô ð 7 - «wg 

“AS 90 7 ^ . 





Fig. 1 122! geometry for single point turning ond boring of wrought, cost, ond P/M refractory metals. Use the 
9. Т largest nose radius ond the largest side cutting edge angle or end cutting edge angle that are consistent 


with part requirements used. 


Tantalum is readily machined, using 
high-speed steel or carbide tools. The ma- 
chining and grinding characteristics of tan- 
talum vary from those of soft copper to 
those of annealed stainless steel. Fully re- 


crystallized unalloyed tantalum has the ma- 
chinability of soft copper. 

Tungsten. Among the refractory metals, 
turning is a problem only with tungsten. 
Carbide tools ground with a negative back 


rake, 15° lead, and 0° side rake are mandatory 
in this instance, and all turning is at room 
temperature. In grinding, 60-grit silicon car- 
bide or 46-grit alumina are recommended. 

Nontraditional methods are also em- 
ployed in machining refractory metals. 
Electrical discharge machining (EDM) is 
used to cut tungsten, niobium, and tanta- 
lum. Electrical discharge machining, wire 
electrical discharge machining, and chemi- 
cal milling are used to machine both molyb- 
denum and niobium. 

Chucking and Fixturing. Workpieces of 
tungsten and molybdenum can be held in 
standard jaw-type chucks, provided suffi- 
cient pressure can be obtained and bal- 
anced. Chucking forces can cause cracking. 
and consequently a four-jaw chuck, and not 
a three-jaw chuck, is often used for holding 
parts being machined from these metals. 

Except for niobium, the use of copper 
shims is recommended for chucking or fixtur- 
ing refractory metal parts, especially parts 
made of tungsten or molybdenum. Thermo- 
plastic supports are sometimes used for hold- 
ing fragile parts made of these metals. 

Cutting Tools. All refractory metals are 
abrasive (tungsten is the most abrasive). 
Accordingly, tool wear is more rapid and 
tool life is shorter than when machining 
carbon or alloy steel with similar tools. 

For machining niobium and tantalum, 
high-speed steel tools can be used in all 
operations. However, carbide tools arc fre- 
quently used. especially for single-point 
cutting and face milling operations. For a 
fine surface finish (0.80 wm, or 32 pin. R,), a 
single-point high-speed steel tool should be 
used, because it provides a sharper cutting 
point than a carbide tool. 








Table 3 Boring niobium, molybdenum, tantalum, and tungsten alloys (wrought, cast, and P/M) 




















Uncoated 
— High-speed мев tool- —— рг. carbide tool (brazed) 
mm T speed, Toot materia 
Hardness, Depth of cut, mémin "Tool material mimin Feed, mmirev grade, 150 
Material HB Condition mm (in.) (sf) grade, ISO (AIST) sfm) {in.rev) (C^grade) 
Nobili ка. 170-225 Stress relieved 0.25 (0.010) 24 (80) 0.05 (0.002) 54. 55 (М2, M3) 85 (280) 0.05 (0.002) K20, M20 (C-2) 
C103, C129Y, Nb-IZr. 1.25 (0.050) 20065) 0.10 (0.004) 54. 55 (M2, МЭ) 69 (225) 0.10 (0.004) К20, M20 (C-2) 
с 2, FS-85, FS-291. 2.5 (0.100) 17 (558) 01340005) 54.55 (№2, МЗ) 53 (175) 0.13 (0.005) К20. M20 (C2) 
C-3015 
Molybdenum 220-2990 Stress relieved 0.25 (0.010) 85 (280) 0.05 (0.002) K20, M20 (C-2) 






Mo, Mo-SORe, TZ 


Tantalum 
ASTAR ЗИС. T-I11. 
Т-222, Ta-lOW, Ta-Hf. Ta63 

Tungsten, 85% density 





180-200 
Tungsten, 93% density 

Tungsten, 96 and 100% density’. 
. 260-320 


Tungsten-2 thoria 


Tungsten alloys. - 260-320 Аз cast 


Source: Metcut Research Associates Inc. 


. 200-250 Stress relieved 


Pressed and sintered 


290-320 — Pressed and sintered 


290-320 Forged or arc cast 



































1.25 (0.050) 69 (225) 0.10 (0.004) К20, M20 (C-2) 
25 (10 — - > 62 (205) 0.20 (0.008) K20, M20 ( 
0.25 (0.010) 18 (60) 0.05 (0.002) 55 (M2, M3) 29195) 0.05 (0.002) K20, M20 (C-2) 
1.25 (0.050) 15 050) 0.10 (0.004) — S4, 85 (М2, МЭ) 23 (75) 0.10 (0.004) К20, M20 (C- 
2.5 (0.100) 12040) 0.20 (0.008) „ 55 (М2, M3) 18 (60) 0.20 (0.008) K20, M20 ( 
0.25 00.010) -++ р я 29 (95) 0.075 (0.003) KOI (C-4) 
25 (0.050) 23675) 0.13 (0005) KOI (C-4) 
0.25 (0.010) 24(80) 0.075 (0.003) KOI (C-4) 
1.25 (0.050) 20465) 0.13 (0.005) KOI (C-4) 
2.5 (0.100 17655) — 0.20 (0.008) КОТ (C) 
0.25 (0.010) 34(110) 0.075 (0.003) KOI (C-4) 
1.25 (0.050) 27(90) 0.13 (0.005) KOI (C-) 
(0.100) 26 (85) 020 (0.008) KOI (C-4) 
Pressed and sintered 0.25 (0.010) 43 (140) 0.075 (0.003) KOI (C-4) 
1.25 (0.050) за (110) 0.13 (0.005) KOI (C-4) 
25 (0.100) 27(90) 0.20 (0.008) KOI (C-4) 
0.25 (0.010) 43(140) 0.075 (0.003) KOI (C4) 
1.25 (0.050) 344110) 0.13 (0.005) KOI (C-) 
2.5 (0.100) 27(90) 020 (0.008) KOI (C4) 
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Table 4 Counterboring and spotfacing niobium, molybdenum, tantalum, and tungsten alloys (wrought, cast, 






































and P/M) 
ШКО 
Speed, rade. ISO 
нагана, Pm Mam Omm Ges Tine ЧА 
Material HB бт) Gai (him) Gin) сю) (iay Qin) hi) Gin) Crgrade) 
Niobium " 170-225 I$ 0075 OW OF ow оз бз oB 015 54,55 
C103, C129Y, Nb-IZr. (50) (0.003) (0.004) (0.004) (0.004) (0.005) (0.005) (0.005) (0.006) (M2. M3) 
Cb-752, FS-85. FS-291, WC-3015 30 0075 ою өю ою 013 015 013 015 Кю 
(100) (0.003) (0.004) 00.004) (0.004) (0.005) (0.005) (0.000 (0.006) (C2) 
Molybdenum .... — 220-990 — Stress relieved — 30 005 010 — 010 ою оз бз оз 015 Кю 
Mo, Mo-SRe, TZC. TZM (100) (0.003) (0.004) 00.004) (0.004) (0.005) (0.005) (0.00) (0.006) (С? 
Tantalum ........ ..... 200-250 — Stress relieved 9 000 007 005 005 00 010 ою 015 89, 500 
ASTAR ВИС, ТАШ, (30) (0.02) (0.003) (0.005) 10.003) (0.004) 40.004) (0.004) (0.009) (TIS, M42)b) 
1-222, Ta-lOW, п 0080 0075 0075 0075 oio — 010 ош оз кю 
Ta-Hf, Ta63 (70) (0.0023 40.008) (0.003) (0.003) — (0.004) — 40.004) — (0.004) 00.005) (C-D 
Tungsten, 8556 density 180-200 Pressed and 9 005 0075 005 005 010 010 00 оз  EK3.K40 
sintered (0) (0.00) (0.003) (0.003) (10.00) 40.000 (0.004) (0.000 (0.005 (C-D 
Tungsten, 93% density . 290-320 Pressed and 3 000 0075 0075 0075 ою 010 ою 013  K30, K40 
sintered (25) (0.002) (0.03) (0.003) (0.003) 00.004) (0.004) (0.004) (0.05) (C-1) 





11, S12), Source: Metcut Research Associates Inc. 


based on three flutes for 6 mm (М in.) diam, four futes for 13 to 65 mm (0.5 to 2.5 in.) diam, und six futes for 75 mm (3 in.) dium. (b) Any premium high-speed steel (T15. M33, M41-M47, 





Table 5 Trepanning niobium, molybdenum, and tantalum alloys (wrought, cast, and P/M) 




















Hardness, Speed Есей» Tool material grade, ISO 
Material ws Condition luem stm! Б inire VAISEor Casado 
Niobium. " 170-225 Stress relieved 12 40 9.13 0.005 59, S11(b) (TIS, M42)(b) 
C103, C129Y, Nb-IZr, Cb-75 49 160 9.13 0.005 K20 (C2) 
Molybdenum .......... 220-290 Stress relieved 49 160 0.13 0.005 K20 (С-2) 
Mo, Mo-S0Re, TZC, TZM 
Tantalum, 200-250 Stress relieved 9 30 0.13 0.005 59, S11(b) (T15, M42)tb) 
ASTAR 811C, ТАП, T-22 30 100 0.15 0.006 K20 (C-2) 





(a) Based on standard 19 mm (Va in.) cutting edge. single blade. (b) Any рге 





high-speed steel (112, M33, M4L-M47, or S9. 510 








1, $12), Source: Metcut Research Associates Inc 





Table 6 Drilling niobium, molybdenum, tantalum, and tungsten alloys (wrought, cast, and P/M) 






























[OMM ке, таг белген! Too! material 
Speed, | Nominal hole diameter grade, ISO. 
Hardness, mmm —LSmm — 30m 13mm тт — 25mm Mmm 50 тт (AISI or 
Material нв Condition туа uim) (мш, (him) (мш) — (im) Giny (Zing Cagrade) 
Niobium 170-225 — Stress relieved 15 — 005 59, ST) 
C103, CI (50) — (0.001) (TIS, M42)b) 
Cb-752, Е M 0.075 0.13 0.18 59, SIMb) 
WC-3015 (80) 40.003) (0.005) (0.007) (T15, M42Xb) 
Molybdenum , 20-990 — Stress relieved 2 0.025 . Ё А 59, SIMb) 
Mo, Мо-50Ке, C$ 000 (T15, M42)b) 
u e 0075 — 0.18. 59, 51106) 
(110) (0.003) (0.005) (0.007) (TIS. M42\(b) 
‘Tantalum . 200-250 — Stress relieved 15 0025 . . 59, П) 
ASTAR 811C, T-111. бю) 40.001) (TIS, M421(b) 
T-222, Ta-lOW. Ta-Hf, Ta63 17 es 008 — 0080 — 010 59, S11) 
65 (0.000) (0:000) — (0.004) (TIS, M42yb) 
Tungsten. 85% density 180-200 Pressed and 5 <.. 000 0.080 0.050 K104C-2) 
sintered am (0.002) (0.000) — (0.002) 
Tungsten, 93% density 290-320 Pressed and 46 0.050 0.050 0.050 K10 (C2) 
sintered (150) (0.002) (0.002) — (0.002) 
Tungsten, 96 and 100% density 290-320 Forged or arc 46 0.050 0.0580 0.050 K10 (C-2) 
cast (150) 40.002) (0.002) — (0.002) 


(a) For holes more than two diameters deep, reduce speed and feed. (b) Any premium high-speed steel (TIS, МЭЗ, M4I-M47, or $9, S10. 511, $12), Source; Metcu! Research Associates Inc 





For machining molybdenum, carbide is 
preferred and is used almost exclusively in 
single-point cutting. On the other hand, 
high-speed steel is used exclusively for drill- 
ing, reaming, and tapping. Both tool mate- 
rials have been successfully used in milling. 

In machining tungsten, carbide tools are 
used for all operations except tapping. Solid 
carbide drills are required for drilling. Tap- 
ping is generally avoided, but if it is manda- 
tory, high-speed steel taps are used. 

Grade C-2 carbide is recommended for 
machining all refractory metals except tung- 





sten, for which C-4 is recommended. Grade 
С-1 carbides are also used for refractory 
metals to reduce chipping caused by built- 
up edge. As in the machining of other 
metals, disposable carbide tips are usually 
more economical than brazed tips. 

For machining all refractory metals ex- 
cept tungsten, cutting tools normally have 
positive rake, although there are excep- 
tions. In some operations zero or negative 
rake has proved to be better for tungsten. 

Sharp cutting tools are essential to obtain 
the best economy and surface finish and to 


minimize damage to the workpiece. When 
tungsten or molybdenum is being machined, 
the best tool life for any depth of cut is 
obtained from a combination of speed and 
feed for which flank wear of the cutting 
edge proceeds at the same rate as cratering 
of the tool face. 

Cutting Fluids. Soluble-oil emulsions are 
satisfactory for most machining operations 
on refractory metals; exceptions are drill- 
ing, reaming, and tapping. For these opera- 
ions, cutting oils that contain sulfur or 
chlorine are preferred. Oils that contain 
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Table7 Oil hole or pressurized-coolant drilling niobium, molybdenum, tantalum, and tungsten alloys 


(wrought, cast, and P/M) 

































OMM re тате (але — Toot material 
Seu, | Nominal hole diameter. ] ome ISO 
Hardness, mmn 3mm è 6mm Imm 9mm 25mm — mm “AIST or 
Material HB Condition. (sim) (иш) (бию) Min) Gaim) бю) бию) grade) 
Niobium ................... 170-225 Stress relieved 29 0050 оз оу 020 — 025 030 e — 59. SIND) 
3. C129, Nb-IZr, Cb-752. (95) 40.002) (0.05) (0.006) (0.008) (0.010 (0:012) 46.014) (С: 
-85, FS-291, WC-3015 53 0.050 0.13 0.15 0.20 0.25 0.30 0.36 K10 (C-2) 
(175) (0.000) (0.005) (0.006) (0.00 (0.010 (0012) 00.014) 

Molybdenum ~... <... 220-290 Stress relieved 40 0.050 013 — UIS — 020 0259 ою 036 S9,SIIb) 

Mo, Mo-SORe, TZC, TZM (130 (0.002) — (0.005) (0.006) (0.000 (0.010) 00.012) 0.014) — (TIS, M42) 
$3. 005 Оз 015 — 020 025 030 036 КС? 
qa (0.002) (0.005) (0.006) (0.008) 40.010) (0.012) (0.014) 

Tantalum EOM . 20-280 Stress relieved — 20 — 0025 ою 015 020 025 030 036 59,50 
ASTAR ВПС, T-11, Т. (65) (0.001) 00.004) (0.006) (0.008) (0.010 (0.012) (0.014) — (TIS, МА?) 
тало, Ta-Hf, Ta63 46 005 010 015 — 020 оз 030 ов КС? 

(150) (0.001) (0.004) (0,006) 10.008) (0,010) (0.012) (0.014) 
Tungsten, 85% density ........ 180-200 Pressed and © << 005 — 0050 — 0050 --- U vo KIC) 
sintered (200) (0.001) (0,002) (0.002) 
Tungsten, 93% density .............. 290-320 Pressed and 3 0025 000 0050 K10(C-2) 
sintered (175) (0.001) (0.002) (0.002) 
Tungsten, 96 and 100% density....... 290-320 Forged ог are 33 0025 000 0050 K10(C-2) 
cast u79 (0.000) (0.00) — (0.002) 


à) For holes more than five diameters деер, feed must be reduced. (b) Any premium high-speed stecl (TIS, МЭЗ, Ма1- M47, or S9, $10, S11. S12). Source: Meteut Research Associates Inc. 





sulfur or chlorine are also preferred for 
nearly all machining operations on niobium, 
with the exception of turning, for which a 
soluble-oil emulsion is satisfactory. 
Specific cutting fluids for niobium alloys 
are: general machining, PMC 9305; fine 
finishing, PMC 9318; grinding, PMC 9305; 
and threading, PMC 9205. When tungsten is 
heated for machining. no cutting fluid is 
used. When tungsten is not heated, a chlori- 


* Machining to an external corner by cut- 
ting to the middle of a surface from op- 
posite directions, especially when sharp 
corners are required, should be avoided. 
Climb milling, rather than conventional 
milling, should be used, so that the cut- 
ting forces are directed into the work 
metal. In conventional milling, work met- 
al is likely to break at the point of en- 
trance or exit of the cutter 





nated cutting oil is preferred. * Thermoplastic supports should be used 
Precautions. To avoid chipping, flaking, when it is necessary to machine to an 

and damage at breakthrough in machining external corner 

molybdenum and tungsten, special practice е A large chamfer should be machined on 


and special tools are often required. The 
probability of cracking at corners and other 
surfaces in single-point cutting or milling is 
reduced by observing certain precautions: 





the corner before the adjacent surface is 
machined (this chamfer should be large 
enough so that some metal is left after the 
turning cut is completed) 





Table 8 Spade drilling niobium, molybdenum, tantalum, and tungsten 


alloys (wrought, cast, and P/M) 

















Г Feed, mere» йге) Tool material 
Speed. |, Nominal hole diameter ——| — grade, ISO 
Hardness, mimin 19-25 mm 38 тт  SÜmm 75mm (AISI or 
Material HR Condition — fm) Gelin) Mim) Qin) Gin) Cerade) 
Niobium .......... - 170-225 Stress 20 05 018 025 030 59. 51а) 
C103, CI29Y, Nb-IZr. relieved — (65) (0.0060 (0.007) (0.010) (0.012) (TIS, M2) 
Cb-752, FS-85, FS-291, 
WC-3015 
Molybdenum .... 220-290 Stress м 020 025 030 040 59, 51а) 
Мо, Mo-50Re, Т2С, relieved — (80) (0.008) (0.010) (0.012) (0.015) (TIS, M42) 
TZM 
Tantalum................ 200-280 — Stress 12 015 018 025 030  S9.Sil(a) 
ASTAR ВИС, T-111, relieved (40) (0.006) (0.007) (0.010) (0.012) (TIS, M42) 
7222, TalOW, Ta-Hf, 
Ta63 
Tungsten, 85% density.... 180-200 Pressedand 53 0.050 0.075 0.13 015 — K20(C-2 
sintered (175) (0.002) (0.003) (0.005) (0.006) 
Tungsten, 93% density... 290-320  Pressedand 46 — 0.050 0.075 013 015  K20(C2) 
sintered — (150) (0002) (0003) (0.005) (0.006) 
Tungsten, 96 and 100% 
density. ...... 290-320 Forged or 46 0050 0475 013 015 K20(C-2) 
arc cast (150) (0.002) (0.003) (0.005) (0.006) 
Tungsten-2 thoria ........ 260-320 Pressedand 53 000 0.075 0.13 015 — K20(C2) 
sintered (175) (0.002) (0.003) (0.005) (0.006) 





(u) Any premium high-speed steel (T15. МЭЗ, M41-M47, or 59, 510, 


S11, $12), Source: Mctcut Research Associates Inc. 





* Tools with high lead angles (about 45°) 
should be used, especially for roughing 


Toxic materials can be generated in work- 
ing with niobium in abrasive cutoff, surface 
grinding with a horizontal-spindle and recip- 
rocating-table machine, cylindrical grinding, 
internal grinding, and centerless grinding. The 
same precaution that applies to niobium in 
these processes applies to the internal grind- 
ing of tungsten. Appropriate regulations are 
available from the National Institute for Oc- 
cupational Safety and Health. 





Chisel edge 
angle, 115-135* 






Point angle, 118° 
Margin 


at 














Land Helix angle, 
Web standard 
thickness 

Lip гене! 

angle 

Standard point 

Tip relier 
ample. degrees Drill size 
20. 2. No. 80-No, 61 
18. < No. 60-No. 41 
16. No. 41-No. 31 
М...... 3.2-6.4 mm (14-4 in.) 
12... ‚ 6.4—9,5 mm (4% in.) 


10. 9.5-13 mm (6-1% in.) 











8. 13-19 mm (72У in.) 

3. 725 mm( in.) 

Fig. 2 122! geometry for general-purpose high- 
19. Ё speed steel twist drill for tungsten alloys (290 


to 320 HB) ond niobium, molybdenum, ond tantalum 
alloys (170 to 290 HB) 
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Table 9 Reaming niobium, molybdenum, tantalum, and tungsten alloys (wrought, cast, and P/M) 









































































r Horn 1 
Г Feed, mmres (іп./сех ба) q 
ses |— Reamer diameter — — “Tool material 
Hardness, Жап amm бт Unm т Smm Simm grade, ISO 

Material HB Condition istm) (in) база. (Rin) fl ina (Min) din) (AISI or C-grade) 

Niobium - " 170-225 Stress relieved. 27 0.075 0.10 9.15 0.20 023 0.25 83, 54, $2 
C103, CI28Y, Nb-IZr, (90) (0.003) (0.004) 40.006) (0.008) 10.009) (0.010) (MI, M2, M7) 
FS. Е 3 0.10 0.13 0.18 023 0.28 9.30 K20 (C-2) 

(120) (0.004) (0.005) (0.007) (0,009) (0.011) (0.012) 

Molybdenum ine ee <. 220-290 Stress relieved. 15 0.075 0.15 9.25 0.30 0.36 0.40 53, 84. 

Mo, Mo-S0Re, ТАС, TZM (50) (0.003) (0.006) 40.010) (0.012) 10.014) (0.016) (M1, M2, M7) 
37 0.075 0.15 0.25 0.30 0.36 0.40 K20 (C-2) 
(120) (0.003) (0.006) (0.010) (0.012) (0.014) (0.016) 

‘Tantalum — ces 200-250 Stress relieved 21 0.075 9.15 0.20 0.25 0.30 0.36 53, 54, 52 
ASTAR 811C, Т-11, T~ (70) 10.003) (0.006) (0.008) (0.010) 10.012) 10.014) (MI, M2, M7) 
TatOW, Ta-HF, Ta63 24 0.075 0.15 020 025 0.30. 0.36 K20 ( 

(80) (0.003) (0,006) (0.008) (0.010) (0.012) (0.014) 
Tungsten, 85% density . 180-200 Pressed and 46 0.025 0.050 0.075 0.10 0.13 0.15 K20 (C-2) 
sintered (150) (0.001) (0.002) (0.003) (0.004) (0.005) 10.006) 
Tungsten, 93% density 299-320 Pressed and 38 0.025 0.050 0.075 0.10 0.13 0.15 K20 (C-2) 
sintered (125) (0.002) (0.003) (0.004) (0.005) (0.006) 
Tungsten, 96 and 100% density 290-320 Forged or arc A 0.050 0.075 0.10 0.13 0.15 K20(C-2) 
cast 25) 40.002) (0.003) (0.004) 10.005) (0.006) 
Finishing 
І Г — — Feed, mm/rev (in.irev a) — 1 1 
i "Reamer diameter — —— Toot material 
Nudes Mus з me Mom Mum ade 190 

Material HB Condition. (sfm) (9 in.) баз. "ча. OM in) (AIST oF C-grade) 

Niobium apeos: " e 170-225 Stress relieved. 12 0.075 0.10 0.15 0.20 025 83, 54, S2 
C103, " £r, Cb-752, (40) (0.003) (0.004) 40.006) (0.008) (0.009) (0.010) (MI, М2, M7) 
FS-85, FS-291, WC-3015 18 0.10 0.13 0.18 0.23 0.28 0.30 K20 (C-2) 

(60) (0.004) (0.005) (0.007) (0.009) (0.011) (0.012) 

Molybdenum ..... здзелак 220-290 Stress relieved. 9 0.075 0.15 0.25 0.30 0.36 0.40 53,54, 52 

Mo, Mo-50Re, ТАС, TZM aor (0.003) (0.006) (0.010) (0.012) (0.014) 10.016) (MI, М2, M7) 
12 0.075 0.15 0.25 0.30 0.36 0.40 K20 (С-2) 
(40) (0.003) 10.006) 40.010) (0.012) (0.014) (0.016) 

Tantalum .. 200-250 Stress relieved Ш 0.075 9.15 0.20 0.25 0.30 0.36 53, S4. 52 
ASTAR ВИС, T- (35) (0.003) 40.006) (0.008) 10.010) (0.012) 10.014) (М1, M2. M7) 
Ta-lOW, Ta-HF. Ta63 15 0.075 0.15 0.20 25 0.30 0.36 K20 (C-2) 

(50) (0.003) (0.006) (0.008) (0.010) (0.012) (0.014) 


à) Based on four tes for 3 and 6 mm (Vk and Vin. reamers; six utes for 13 mm (02 in.) reamers and eight flutes for 25 mm (1 in.) and larger reamers: Source: Меси Research Associates Inc, 





Table 10 Tapping niobium and molybdenum alloys (wrought, cast, 
and P/M) 

















ү Speed. in fini) High-speed steel 
Hardness, [Pie threads in. ] tool material grade, 
Material нв Condition hs 16-24 >м ISO (АБ) 
Мїобїшт............ 1702225 Suewgeleved 09(3) 210) 27@) 3010) S2.S3(M10.M7, MI) 
C103. CI29Y., 
Nb-IZr, Cb-732, FS-85, 
FS-291, WC-3015 





14(45) 18 (50) S2. 53 (М10. M7, MD 





Molybdenum. ...... 220-2990 Stress relieved 5 (15) 9 (30) 
Мо, Mo-50Re, TZC, TZM 


(a) These speeds are for tapping 6S to 75% threads in shallow through holes. Reduce the speed when tapping deep holes, blind holes, 
br higher percentage of thread. Source. Metcut Research Associates Inc 





Table 11 Hollow ing niobium, molybdenum, and tantalum alloys 
(wrought, cast, and P/M) 





















Hardness, ‘Toot material grade, ISO 

Materialia) нв Condition. (AISI or C-grade) 
Niobium о... . 170-225 — Stress relieved 0.10 (0.004) 54, S2 (М2, М7) 

C103, CI29Y, Nb-IZr. 20 (0.008) К20 (С-2) 

Cb-752, FS-85, FS-291, 

WC-3015 
Molybdenum: à ..... 228-290 Stress relieved 34 0110) 0.20 00.0088  K20 (C-2) 

Mo, Mo-S0Re, TZC, TZM 
Tantalum... 200-250 Stress relieved — 9 (30) 0.075 (0.003) S9, 511 (TIS. M42Xb) 


0.15 (0.006) — K20(C- 





ASTAR АПС, Till, 1-222, 
Tatow, Ta-Hf, Ta63 


a) Recommendations based on à stock allowance of 6.5 mm (0.250 in.) on the diameter. (b) Any premium high-speed steel (T15, M33 
МАМА? or S9, S10, SIT, S12). Source: Metcut Research Associates Inc. 


24 (80) 





Both materials are also potential fire haz- 
ards in the same operations. Caution is 
advised in grinding and disposing of swarf. 


Turning, Boring, 
and Trepanning 


Metal removal rates for turning refractory 
metals range from about 5 to 20% of those 
for normalized 4130 steel, and about the 
same as those for nickel-base and cobalt- 
base heat-resisting alloys. The cost of turn- 
ing refractory metals runs from 5 to 30 times 
greater than that for 4130 stecl at 200 HB. 
However, such comparisons tend to be con- 
servative. Experience may suggest ways to 
significantly increase such factors as depth 
of cut and metal removal rate. 

Niobium and Tantalum. High side rake 
on tools is recommended for turning of both 
melals. Turning practice varies consider- 
ably from shop to shop. Sometimes better 
results are obtained by significantly lower- 
ing speeds and significantly increasing feed 
rale. Regardless of the technique, smooth 
finishes are difficult to obtain, and finishing 
by grinding may be required. 

Nominal speeds and feeds for turning 
niobium and tantalum with single-point and 
box tools are given in Table 1. Speeds and 








| 
{ 
| 


feeds for turning niobium with cutoff and 
form tools are given in Table 2. The geom- 
etry of a single-point tool for turning refrac- 
tory metals is shown in Fig. 1. 

Data for the boring, counterboring and 








Machining of Refractory Metals / 863 


Chamter angle, 45° 
BS [е length 


Chamfer relief 


At rake angle 


we 














spotfacing, and trepanning of niobium and angle, 7-12° 
tantalum are presented in Tables 3, 4, and 5, 
respectively. йери 
Molybdenum. This metal is extremely Margin width 
abrasive, and all machining operations result 
in high rates of wear. Carbide tools with high анаан 
side rake are preferred for turning and boring. ў 
Nominal speeds and feeds for turning (А 
molybdenum with single-point and box Eun 
tools are given in Table 1. The same infor- басота RUM 
mation for turning with cutoff and form eden " 
tools is found in Table 2. TUM Mi 
2 = [Margin width Primary radial 
Speeds and feeds for boring, for counter- E in. mm = | Brody degrees 
boring and spotfacing, and for trepanning 25; $13.15 0040.06 2035 
are given in Tables 3, 4, and 5, respectively. 32-64 ‚015-02 0,006-0,008 15-20 
Example. A shop with considerable expe- — 64-13 0.2-0.25 0.008-0.010. 11-14 
ience i Í mends: 13-19 -. 0.25-0.38 0.010-0.015 8-12 
rience in turning molybdenum recommends: poss $3025 Oana Fa 
25-38 0.36-0.46 0.014-0.018 5-8 
Factor Roughing Finishing 38-50 0.41-0.56 0.016-0.022 58 
5 2 
Cutting tool .. .94WC-6Co ^ 94WC-&Co 21 Сасан Calbia und 


Speed, m/min (sfm). .. 30460 (100-200) 90-180 (300-600) 


Feed, mm/rev 


(in. /rev) . .. ..0.15-0.20 0.15-0.20 
(0.006-0.008) (0.006-0.008) 
Depth of cut. 
mm (in) ...3-6 (и) 0.40-9.50 


(0,015-0.020) 
Tool geometry. degrees 
Back rake... 
Side rake 
Clearance 


0 
12 
10 










This shop recommends a chip curler for 
both roughing and finishing cuts. 

Tungsten. Nominal speeds and feeds for 
turning tungsten with single-point and box 
tools are given in Table 1. Materials include 
pressed-and-sintered tungsten of 85 and 
93% density, pressed-and-sintered tung- 
sten-2 thoria, and forged or are cast tung- 
sten of 96 and 100% density. The same 
information for boring in Table 3 covers the 
same materials. Parameters for counterbor- 
ing and spotfacing tungsten with 85 and 93% 
density are given in Table 4. 








Fig. 3 тоо! geometry for high-speed steel reamer 


Parameters for Drilling 
the Refractory Metals 


Except for tungsten, differences in the 
drilling properties of refractory alloys and 
the soft steels are less than those in turning. 
Niobium, tantalum, and molybdenum are 
easier to drill than the heat-resisting alloys 
or steel at a hardness of 50 10 55 HRC. 
Success in drilling these alloys depends 
primarily on rigidity of setup and drill de- 
sign. Problems are more common with port- 
able drills and small holes because of the 
difficulty of maintaining adequate rigidity 
and i 








iobium. Accurately ground split-point 
drills should be used to minimize rubbing 
and accelerated wear at drill margins. 
Speeds and feeds for drilling, oil hole or 


pressurized-coolant drilling, and spade drill- 
ing are presented in Tables 6, 7, and 8, 
respectively. One manufacturer has drilled 
holes as small as 0.35 mm (0.0135 in.) in a 
niobium C-103 alloy. 

Standard high-speed drills, ground to nor- 
mal angles, may be used, but peripheral 
lands wear badly, and care must be taken to 
see that the drill does not wear undersize. 

The high-speed steel twist drill, the geom- 
etry of which is shown in Fig. 2, can be used 
for all four of the refractory metals. Highly 
active sulfurized or chlorinated cutting oils 
should be used. 

Molybdenum. This metal is easier to drill 
than most other refractory metals. Any of 
the standard high-speed steels, such as М1, 
M3, and M10, are suitable for drills, under 
normal conditions. The standard 118° point 


Table 12 Face milling niobium, molybdenum, tantalum, and tungsten alloys (wrought, cast, and P/M) 





























p арені sce! oot — ү p — Uncoaled carbide looi — Too! 
Speed, Feed, Tool material Feed, material. 
Hardness, mimin mmtooth . 1S0 Speed, mimin (чт) mmitooth grade, 150 

Materials HB Condition т) @л.Лөов) мы Веалва Indexable (в.о) 

Niobium ‚ш. 170225 Stress relieved — 140.040) — 30(100 0.13 (0.005) S9, 5110) 46 (150) 500165) 0.15 (0.006) КІ0, M20 
C103, C129Y, Nb-IZr, (T15, МАНЬ» С-2) 
Cb-752, FS-85, FS-291, 400.150) 24(80 — 0.18 (0.007) ПУ 430140) 470155) 0.200.008) — K10, M20 
WC-3015 M42yb) (2 

Molybdenum esses. 220-290 Stress relieved — 140.040) 300100) 0,15 0.006) 359, 5110) 78 (255) 841275) оо) КИЮ, M20 
Mo. Мо-Ке, TZC. TZM (T15; МАКЫ) (C2) 

4 (0.150)  18(60 огоо 59. SIND) 69025) 761250) 0.130.005) — K10, M20 
(T15, Má2yb) €2 
Tantalum .... 220-250 Stress relieved — 140.040) — 23075) 025 0010) 59, S11(b) s ? k 
(TIS, M42)b) 
400.150) 12(4) — 025(0.010 59, SII(b) 
Ta-Hf. Ta-63 (TIS, M42)(b) 
Tungsten, 85% density 180-200 Pressed and 1 (0.040) e 306100) 344110) 0.20 (0.008) КО (C-3) 
sintered 4 (0.150) 24(80 — 27(90 025000 KOI (C-3) 





(а) Depth of cut is measured parallel to axis of cutter. (b) Any premium high-speed steel (TIS. M33. M4I-47, or 59, S10. 511. S12). Source: Meteut Research Associates Inc 
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Radial rake angle 


Chamter (positive) 


angle 


Lead angle seca S| Primary relie! angle 





















Secondary 
Lead angle clearance angie 
Helix angle 
Margin or Primary ‘Charter 
Diameter, circular land, radial relief К relief angle, degrees 
mm (in) ‘mm а.) angle, degrees { Primary Secondary 
GA (М4)............. 013.175 12-15 28-32 0.5-0.75 10-12 25-28 
(0.005—0.007) (0.020-0.030) 
9.5 (%®)........... 0.132020 12-15 28-32 0.5-0.75 10-12 22-24 
(0.005—0.008) 40.020-0.030) 
134). «^, 0.20-0.25 11-13 26-28 0.75-1.0 9-1! 20-22 
(0.008-0.010) (0.030-0.040) 
16 (У)... 0.23-0.30 10-12 22-26 1.0-1.3 8-10 18-20 
10,009-0.012) (0.040-0.050) 
39 UR) eere . 0.25-0.38 9-10 20-22 1.0-1.3 7-9 14-18. 
(04 Sang 015) (0.040-0.050) 
2209)... 9-10 18-20 1.0-1.3 7-9 14-18 
(0.040-0.050) 
250 8-10 18-20 1.3-1.5 7-9 14-18 
(0.050-0.060) 
BY зш. 7-8 16-18 1.3-1.5 6-8 12-16. 
(0.014-0.016) (0.050-0.060) 
90 (2)... 0.46-0.58 7-8 16-18 1.3-1.5 6-8 12-16. 
(0.018-0.023) (0.050-0.060) 





Fig. 4 Tool geometry for carbide reamer 


Chamter 
relief ч 
кок e еве Hook or rake angle, 10-12 
mier n * Rakeangle, Hook angle. 
Land 
=e > Ry = 
Бу 
Heel hs Flute 


Fig. 5 Tec geometry of high-speed steel (170 to 290 HB) tops for niobium, molybdenum, ond tantalum alloys. 
9- 5 A мо-Ние spiral-point tap is used for a through hole, and a four-Hiute hand tap is used for a blind hole. 


Special taps for these alloys are also available. 





Table 13 Side and slot milling 
arbor-mounted cutters 


chisel edge (plain) drill performs as well as 
drills with special points (except sometimes 
at breakthrough). 

Drill thrust is low in drilling molybdenum— 
approximately the same as in drilling pcarlitic 
cast iron. Higher feed rates may be used 
without damaging the drill. However, when 
expensive metals are drilled, avoidance of 
damage to the workpiece, rather than maxi- 
mum tool life, should receive primary consi 
eration. 

Chipping of the workpiece during break- 
through of the drill is a difficulty encoun- 
tered in drilling the more brittle forms of 
molybdenum. Because 20 to 3076 of the 
total thrust required by the standard drill 
results from the inefficient chisel edge at the 
point, damage to workpieces at break- 
through can sometimes be decreased by 
substituting a split-point drill for the chisel 
edge drill. Decreasing the feed rate is less 
efficient in reducing thrust, and it causes 
poor and erratic drill life. The use of sacri- 
ficial workpiece supports and prechamfer- 
ing of the breakthrough area also help to 
prevent chipping at breakthrough. 

Parameters for drilling, oil hole or pres- 
surized-coolant drilling, and spade drilling 
of molybdenum are presented in Tables 6, 
7. and 8, respectively. 

Tantalum. Practice and results in drilling 
tantalum are influenced by the continuous, 
stringy chips formed. Because chips are 
likely to clog the holes, the usable range of 
cutting speeds for drilling small holes is 
closely related to the depth of the hole. 
Small-diameter holes up to one diameter 
deep can be drilled at 12 to 15 m/min (40 to 
50 sfm). For holes more than one diameter 
deep, speed should be reduced to 6 to 12 m/ 
min (20 to 40 sfm). 

Hole quality is affected by the drill point 
and the feed rate. Although drills with 
crankshaft or split points do not have longer 
life, they require less thrust force, thus 
helping to prevent the formation of burrs 
and extruded edges at the exit side of 
through holes. Drill feed should not exceed 
0.050 mm/rev (0,002 in./rev) for drills up to 
9.5 mm (¥% in.) in diameter. Heavier feeds, 
although usable from the standpoint of long- 





m, molybdenum, and tantalum alloys (wrought, cast, and P/M) with 





Г наара steel toot — — — [— 








Uncoated carbide tool 


Depth of Feed, Feed, ‘Toot material. 
Hardness. cw,mm о m/min ‘mmitooth Tool material grade, Speed, m/min (sfm) © mm/tooth grade, 150 
Material нв Condition (in. a) ыт) (in./tooth) 180 (AlSb(b) Brazed indexable © Gm./ooth) (C-grade) 





Niobium 170-225 Stress relieved — 140.040) 41 (135) 0.13 (0.005) S9, SII (TIS. 
C103, СІ29Ү, Nb-IZr. Б 400.150) Э8 (125) 0.15 (0.006) 59, S11 (TIS. 
FS-85, FS-291, WC-3015 840.300 35 (115) 0.18 (0.007) 59, SII (TIS. 











Molybdenum ...220-290 Stress relieved 1 (0.040) 35( 0.13 00.005) 59, SII (TIS. 
Мо, Mo-S0Re, TZC. TZM 4(0.150 340110) 0.15 (0.006) S9, S11 (TIS. 
(0.300 30100) 0.18 (0.007) 
Tantalum... .200-250 Stress relieved — 10.040) 23 (75) — 0.10 (0.004) 
ASTAR 811C, Т-111, T-222. 4(0150) 20065) 0.13 (0.005) 59, 
Ta-I0W, Та-НГ, Ta63 810.300 17 (55) 0.13 (0.005) 59, S11 (TIS. 





M42) 46 (150) 55 (180) 0.13 (0.005) K10, M20 (C-2) 
М42) 43 (140) 52 (170) 0.15 (0.006) КІ0. M20 (C-2) 
M42) 400130) 49(160) 0.18 (0.007) K10, M20 (C-2) 
M42) 60 (200) 73 (240) 0.18 (0.007) K10, M20 (C-2) 
M42) 56 (185) 69 (225) 0.20 (0.008) КІ0, M20 (C-2) 


. M42) 52 (170) 62 (205) 0.23 (0.009) K10, M20 (C-2) 
5. M42) ss : 
2. M42) 


M42) 


ta) Axial depth of cut for side milling: radial depth of cut for slot milling. (b) Any premium high-speed steel (TIS. МЭЗ, M41-M47, or S9. $10, 511. $12). Source: Metcut Research Associates Inc. 





End cutting-edge angle 


Corner angle 
(lead angie) 






Axial rake angle 


rake angle 
(negative) 
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Radial reliet angle 





Radial 














(positive) 

Axial relief angle 

High-speed 
steel Indexable carbide — Bruzed carbide 

Axial Radial Axial Radial Axial Radial Axial Radial 
rake rake rake rake rake rake Corner End cutting relief relief 
Hardness, angle, angle, angle, angle, angle, angle, angle, edge angle. angie, angle. 
Material B degrees degrees degrees degrees degrees degrees degrees degrees degrees 





IWS 0 0 57 





220-990 0 x 5-7 

Tantalum alloy: 
wrought, cast, P/M 

Tungsten alloys, 
wrought, cast, PIM.. 180-320 





200-250 0 — 20 57 





400 


0-5 о w 45 50 10 10 
0-5 0 о 45 50 о 10 
0-5 0 о 4 50 0 0 
8-3to-11 -15 0 45 50 15 15 





Fig. 6 Tool geometry for face mill 


Corner radius or 


„г corner angle 








Helix angle 


Axial relief 
angle 


End cutting-edge 
concavity angle 
Fig. 7 Tool geometry for peripheral end mill 


er drill life, will produce less accurate holes 
with poor surface finish. 

Tungsten. This metal is more difficult to 
drill than any of the other refractory metals. 
Because tungsten begins а brittle-to-ductile 
transition at about 200 °C (400 °F), the work- 
piece is often heated to 200 to 425 °C (400 to 
800 °F) for machining. However, acceptable 
holes can be drilled on a production basis at 
room temperature if the proper procedure is 
followed and precautions are taken. Parame- 
ters for drilling, oil hole or pressurized-cool- 
ant drilling, and spade drilling are given in 
Tables 6, 7, and 8, respectively. 

Because of possible damage to the work- 
piece and shortened drill life, design and 
manufacturing alternatives to avoid the 
drilling of holes should be considered. The 





Radial clearance angle 
Radial relief angle 






Radial rake angle 
(positive) 


major problems encountered in convention- 
al drilling of high-density unalloyed tung- 
sten are: 


© Chipping at hole edges on the entrance 
side 

* Spalling on the exit side of through holes 

* Radial cracking, extending from holes to 
nearby discontinuities 

* Drill fracture, caused by excessive force, 
nonrigid setup, or chip interference in 
drill flutes 


Recommended procedures for drilling 
tungsten are: 


* Use solid carbide drills that are accurate- 
ly ground (drill lip runout should be less 
than 0.025 mm, or 0.001 in.) 


Electrode assembly 





Phenolic 
guide block and ^ 


specimen clamp Machined 


hole (EDM) 


74 c > 
126mm 4 нан 
TRS contour (EDM) 


Workpiece 
(tungsten 

D Ø 
wi Aluminum 
Operations 


specimen blank) 

fixture base 
1, Saw 12.5 mm (0.50 in.) thick tungsten plate into 
blanks, using a diamond-edge band saw 
Load blank into fixture and close components of 
assembly 
Electrical discharge machine contour and (wo 
holes, using 30 A gap current (time required, 5 to 7 


min/specimen 
4. Unload specimen, polish edges. and ream holes 















Fig. 8 “Че for producing о tungsten test specimen 
19. 9 у electrical discharge machining 


* To prevent spalling at breakthrough when 
drilling holes, use either a tight-fitting 
backup plate of steel or similar metal 
clamped over the surface where break- 
through occurs, or drill holes halfway 
through from each side 

* Drill holes no closer than one drill diam- 

eter from any edge or other discontinuity 

Direct a heavy stream of cutting fluid into 

the hole to flush away chips. Retract the 

drill and flush out chips at least once for 
holes deeper than two diameters 

Locate and start holes with a carbide 

center drill. Avoid use of drill bushings 

because they interfere with chip flow and 
cause drill fracture 

Replace drills at the first indication of 

chipping at hole edges or when the wear 

land at the drill corners reaches 0.40 mm 

(0.016 in.) 


Reaming and Tapping 
of Refractory Metals 


Nominal speeds and feeds for roughing 
and finishing reaming of niobium, molybde- 
num, tantalum, and tungsten are presented 
in Table 9. Carbide tools are most frequent- 
ly used, but high-speed steel reamers can 
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Table 14 Peripheral end milling niobium, molybdenum, and tantalum alloys (wrought, cast, and P/M) 
— Highspeed steel tool — 











































































P 
Speed, — Feed, тизи (аЛ) ————— ———| 
Hardness, Radia depth ot тш | ‘Cutter diameter ara 
Material HB Condition cot, mm (nj) (Ыш) 10mm (in) 13 mm (12 im.) 19mm (Yain) 25—50 mm (1-2 in.) (AIS, 
Niobium d T 170225 Stress relieved — 0.510.020) 30 0100) 0.088 (0.0015) 0.050(0.002) 0.064 (0.0025) — 0.075 (0.003) — Sb) (TH5)(b) 
C103, CI29Y. N Cb-752, 1:5 (0.060) 24(80) 0.050 (0.002) 0.075 (0.003) 0.075 (0.00) 0.100004)  S9(b)(TISXb) 
ES-85, FS-291, WC-3015 diam/4(diam/4) 21(70) 0:038 (0.0015) 0.050 (0.002) 0.064 40.0025) 0.089 (0.0035) — S9(b)(TIS)(b) 
Molybdenum . 220-290 Stress relieved 0.5 (0.020) 60 (Q00) 0.025 (0.001) 0.025 (0.001) — 0.038 (0.0015) 0.050 (0.002) S(b) (TIS) 
Мо, Mo-S0Re, TZC, TZM 1:5 0.060) 520170) 0.050 (0.002) 0.075 (0.003) 0.100.004 0100-04) S9() (TISIb) 
diami4 (diam/4) 43(140) 0.025 (0.001) 0.050 (0.002) 0.050 (0.002) 0.075 (0.003) ^ S9(b) (T151(b) 
Tantalum |. 20000 200-250 Stress relieved 0.5 (0.020) — 20(65) 0.025 (0.001) 0.038 (0.0015) 0.050 (0.002) 0.064 (0.0025) — S4, S5, S2 
ASTAR ВПС, ТП. T. (M2, M3, M7) 
TalOW, Ta-Hf, Ta-63 LS (0.060) 15 (50) 0.050 (0.002) 0.050 (0.002) 0.075 (0.003) 0.10 (0.004) 
(M2, M3, M7) 
diam/4(diam/4) 14 (45) 0.025 (0.001) 0.038 (0.0015) 0.064 (0.0025) 0.075 (0.003) S4, $5, 52 
алу? tdiam/2) 11 (35) 0.018 (0.0007) 0.025 (0.001) 0.050 (0.002) 0.064 (0.0025) 5 
(M2, МЗ, M7) 
lige, [P nin ———| шшш! 
Hardness, Radial depth of m/min ~ Cutter diameter Too rade, 180 
Material нв Condition cut, mm (nya) (Мт) 10 men (He im.) 13 mm (Vzin) 19mm (Yain) 25—50 mm (1-208). (Carade) 
Niobium ...... 170225 Stress relieved — 0.540.020) — 531175) 0.038 (0.0015) — 0.050 (0.002) 0.064 (0.0025) 0.075 (0.003) — K20, M20 (C-2) 
C103, C129¥, Nb-IZr. Cb-752. 1,5 (0.060) 460150) 0:050 (0.002) — 0.075(0.008) 0.075 (0.003) 0.10 (0.004) К20, M20 (C.-2) 
-291, WC-3015 diam/4 (diam/4) 
Molybdenum... .220-290 Stress relieved 0.5 (0.020) 100 (325) 40.001) 0.025 (0.001) 0.038 (0.0015) 0.050 (002) — K20. M20 (C-2) 
Mo, Mo-S0Re, ТАС. ТАМ 155(0.060) 900300) 0.050 (0.002) — 0.075 (0.003) 0.10 (0.004) — 0.100.004) — K20, M20 (C2) 
diam/4 (diam/4) 
Tantalum ... .,200-250 Stress relieved 0.5 (0.020) 
ASTAR ВПС, T-TL. T 1.5 (0.060) 
TalOW, Ta-Hf, Ta-63 Чапу (diam/4) 
diam? (diam/2) 


(à) For standard-length end mills, maximum axial 


Associates Inc. 


depth can be up to 1.5 times the cutter diameter, (b) Any premium high-speed steel (TIS. МЭЗ, M4I-M47, or S9, $10, SI1, $12), Source: Meteut Research 





Table 15 End milling-slotting niobium, molybdenum, tantalum, and tungsten alloys (wrought, cast, and P/M) 




























































Spe | Feed, mmitooth (in./toothy 
Hardness, Axial depth of cul, — mimin Width of slot TSS tool muterial 
Material HB Condition. mm in.) ifm) | 10 mm in.) 13 пот (іа) 19mm (Yain) 25-50 mm (1-2 in.) — except as noted 
Niobium 170-225 Stress relieved 0.75 (0.030) — 18160) 0.018 (0.0007) 0.025 (0.001) 0.038 (0.0015) 0.050 (0.003) — 9, 5010) 
C103. Сїзөү. Nb-l (TIS, Ma2\(a) 
f LS (0.060) 17055) 0.013 (0.0005) 0.038 (0.0015) 0.050 (0.002) 0.075 (0.003) — S9, S1 (a) 
(TIS, M42) 
diam/4 (diam/4) 15 (50) 0.025 (0.001) 0.038 (0.0015) 0.05010.002) 59, 51104) 
(TIS, M42)) 
Molybdenum . 220-290 Stress relieved 0.75 (0.030) 35 (115) 0.018 (0.0007) 0.025 (0.001) 0.038 0.0015) 0.050 (0.002) S9, SI Ia) 
Мо, Mo-S0Re, ТАС, TZM (TIS, M20) 
1.5 (0.060) — 34(110) 0.013 (0.0005) 0.038 (0.0015) 0.050 (0.002) 0.075 (0.003) 59, SIIta) 
(TIS, M42Xa) 
diam/4 (diam) 32 (105) 0:025 (0.001) 0.038 (0.0015) 0.00 (0.002) 59, SII) 
(TIS, M42) 
Tantalum ..200-250 Stress relieved 0.75 (0:030) 11 035) 0.018 (0.0007) 0.025 (0.001) 0.038 (0.0015) — 0.050 (0.002) 54, 
ASTAR ЖИС, ТЛИ, (M2, 
2, Ta-lOW, Ta-Hf, 15(00 9030) 0.025 (0.001) 0.050 (0.002) 0.075 (0.003) 54, 
Ta63 (M2 
diam4(diamá) 8 (25) 0.038 (0.0015) — 005040002) 54, 85. 52 
(M2, M3, M7) 
Tungsten, 85% density . 180-200 Pressed and 0.75 (0.030) 69 (225) 0.075 (0.003) K10 carbide 
sintered 
1.5 (0.060) — 60200) 0.075 (0.003) K10 carbide 
(C-3 cu 
Tungsten, 99% density ‚290-320 Pressed and 0.75 (0.030) 69 (225) 0.075 (0:003) K10 carbide 
sintered (C-3 carbide) 
3025) 60 (200) 0.075 (0:003) K10 carbide 
(C-3 carbide) 
Tungsten, 96 and 100% density.. 290-320 Forged or arc 0.75 (0.030) 69 (225) 0.075 (0.003) K10 carbide 
cast (C-3 carbide) 
30.05) 60 (200) 0.075 (0.003) K10 carbide 
(C3 carbide) 
Tungsten-? thoria .. + 260-320 Pressed and 0.75 (0.030) — 30(100) 0.050(0.002) КЛО carbide 
sintered (C-3 carbide) 
30.05 27 (90 01050 (0.002) — KI0 carbide 
(C-3 carbide) 


(a) Any premium high-speed steel (TIS. M33, M41). Source: Metcut Research Associates Inc, 
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Table 16 Thread milling niobium alloys (wrought, cast, and P/M) 








Speed, Feed, 
Hardness, mímin mm/toothírev HSS tool material 
Material HB Condition ыт) in.itoothirey) grade, ISO (AISI) 
Niobium 2 170-225 Stress relieved 18 060) 0.088 (0.0015) S4. S2 (М2, M7) 
C103, CI29Y. Nb-IZr. 
Cb-752, PS-85, FS-291, 
WC-3015 


Source: Metcut Research Associates Inc. 





Table 17 Power hacksawing niobium, molybdenum, and tantalum alloys 
(wrought, cast, and P/M) with a high-speed steel blade 





i} 

















Material 
Hardness. thickness, Pitch, I. 

Material нв Condition ‘mum (in,) — teeth/l in. strokesimin Pressoreía) 
Niobium ... .. 170-225 Stress relieved <6 (<Va) 10 60 0.075 (000)  L 
6-19 (0-0) 10 60 0.075 (0.003) L 
19-50 04-2) 6 55 0.15 (0.006) м 
50 (>2) 4 55 0.15 (0.006) м 
Molybdenum 220-290 Stress relieved 10 100 — 0.075 (0.003) L 
Mo, Мо-50Ке, Yaya) 10 100 — 0.075 (0.003) É 
TZC, TZM 19-50 04-2) 6 90 0.15 (0.006) M 
>50 (22) 4 90 — 0.15 (0.006) M 
Tantalum ........,......, 200-250. Stress relieved — «6 (<14) 10 5$ — 0.075 (0.003) L 
ASTAR ВИС, 6-19 QA) 10 SS — 0075 (0.003) L 
TAI 22, Ta-lOW, 19-50 (4-2) 6 S0 0.15 (0.006) M 
Ta-Hf, Ta-63 »50 (22) 4 50 0.15 (0.006) M 


(a) Lo light; M, medium, Source: Meteut Research Associates Inc 





Table 18 Power band sawing niobium, molybdenum, and tantalum 
alloys (wrought, cast, and P/M) with a high-speed steel precision tooth 




















form blade 
Material 
Hardness, thickness, Pitch, Band speed. 
Material нв Condition mm n.) кеМ in. mimin (sfm) 
Niobium .. теи 1702225 Stress relieved «eu 14 30 (100) 
C103, CI29Y. Nb-IZr. (AN 10 27090) 
Cb-752, FS-85, FS-291, 8 nos 
WC-3015 6 20 (65) 
Molybdenum 220-290 Stress relieved 14 37 (120) 
Mo. Mo-S0Re, 10 34010 
8 27 (90) 
6 23075) 
Tantalum ...... 200-250 Stress relieved 14 24 (80) 
ASTAR ВИС. T. 10 21 (70) 
T-222, Ta-IW, Ta-Hf. Таб 8 18 (60) 
6 15 (50) 


Source: Metcut Rexeurch Associates Inc. 








also be used, at slightly lower speeds and 
feeds, Nominal speeds and feeds for tapping 
niobium and molybdenum are given in Ta- 
ble 10. Tantalum (Ta-10W) with a hardness 
of 200 to 250 HB has been tapped with MI. 
M7, and MIO high-speed steel tools at a 
speed of 0.9 m/min (3 sfm). 

Tapping of tungsten is difficult and should 
be avoided. If it is tapped, the workpiece 
should be heated to 200 to 425 *C (400 to 800 
°F), and a four-flute stub-type plug tap made 
of nitrided MIO or T15 high-speed steel 
should be used. A speed of 1.5 m/min (5 
sfm) is recommended. 

Tool geometries for high-speed steel and 
carbide reamers are shown in Fig. 3 and 4, 
respectively. Tool geometries for tapping 
niobium, molybdenum, and tantalum alloys 
are shown in Fig. 5. 


Milling Refractory Metals 


Machinability ratings based on metal re- 
moval rates in turning are an indication of 
performance to be expected in milling the 
refractory metals. Tool geometries for face 
mills and peripheral end mills are shown in 
Fig. 6 and 7, respectively. 

Niobium. This metal is milled with both 
high-speed steel and carbide cutters. The cut- 
ters that have proved to be the best in mo: 
applications have 0° axial rake and + 40° radial 
rake. Success in milling depends on the selec- 
tion of cutting fluid: A highly chlorinated or 
sulfurized oil is recommended. 

Parameters for milling niobium are set 
forth in Tables 11 to 16. (Table 11, hollow 
milling: Table 12, face milling; Table 13, 
side and slot miliing; Table 14, peripheral 
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end milling; Table 15, end milling-slotting; 
Table 16. thread milling). 

Molybdenum. Normally, carbide-tipped 
face mills and high-speed steel end mills 
may be used in machining this m In 
each instance, tool angles should be similar 
to those for cast iron. Soluble-oil coolant is 
suggested. Corner and edge breakout expe- 
rienced with multiple cutters can be mini- 
mized by infeeding. Cutter conditions 
should be checked frequently. and work- 
piece backup plates should be used, partic- 
ularly when stock removal is heavy. 

For the more brittle grades of molybde- 
num, cutters with zero axial and radial 
rakes give good results and minimize chip- 
ping. Positive rakes can be used for the 
more ductile grades. 

Although climb milling, rather than con- 
ventional milling, is preferred for all refrac- 
tory metals, it is especially important to use 
the climb technique for milling the more 
brittle grades of molybdenum because chip- 
ping of the work metal at the entrance and 
exit of the cutter is minimized. 

The use of cutting fluid is mandatory for 
milling molybdenum. A soluble oil mixed 
1:20 with water is satisfactory for most 
applications. Parameters for milling molyb- 
denum are given in Tables 11 to 15. 

Tantalum. Either high-speed steel or 
carbide tools may be used to machine this 
metal. Feeds are about the same as those 
for niobium, although tantalum is ma- 
chined at slower speeds. Cutting fluid 
should be a soluble-oil emulsion. Parame- 
ters for milling tantalum are presented in 
Tables 11 to 15. 

Tungsten. The composition and density 
of tungsten greatly affect the speed used in 
face milling at a given feed rate. In end 
milling, composition and density have less 
effect on speed. The climb technique should 
always be used. 

Carbide cutting edges are used exclusive- 
ly for milling tungsten. In room-temperature 
milling, optimum results are obtained with a 
copious supply of highly chlorinated cutting 
oil. Some success in warm milling (200 to 
425 °C, or 400 to 800 °F), has been reported; 
under these conditions no cutting fluid is 
used. 

Parameters for machining tungsten arc 
given in Table 12 (face milling) and Table 15 
(end milling-slotting). 








Parameters for Sawing 
the Refractory Metals 


Niobium, molybdenum, and tantalum 
may be sawed with power hacksaws or 
band saws. using high-speed steel blades. 
Tungsten may be cut with circular sawing, 
using high-speed steel blades, and with 
abrasive cutoff. The latter method is also 
suitable for cutting the other refractory met- 
als. Circular sawing is confined to use with 
niobium, tantalum, and tungsten. Parame- 
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Table 19 Circular sawing niobium, tantalum, and tungsten alloys 
(wrought, cast, and P/M) with a high-speed steel blade 





























Table 20 Abrasive cutoff of 
niobium, molybdenum, tantalum, 
and tungsten alloys (wrought, cast, 














and P/M) 
Wheel 
identification, 
Hardness, wet cutting, 
Material HB Condition 150 (ANSI) 
Niobiumta)(b)......170-225 Stress C60-MR 
C102, CI29Y., relieved — (C60-MR) 
Nb-1Zr, Cb-7 
FS-85, FS-281, 
WC-3018 
Molybdenum......220-290 Stress C60-MR 
Mo. Mo-S0Re. relieved — (C60-MR) 
TZC. TZM 
‘Tantalum . . ‚200-250 Stress C60-MR 
ASTAR ЕПС, relieved — (C60-MR) 
T-H1, 1-222. 
Ta-I0W, Ta-Hf, 
Ta-63 
Tungsten ... 180-320 Pressed and — C60-MR. 
85, 93, 96, sintered, — (C60-MR) 
and 100% forged, or 
density are cast 


Solid stock High-speed 
diameter Cotting steel tool 
or Pitch, speed, Feed, material 
thickness, mmvtooth mimin — mm/iooh grade, ISO 
Material Condition mm (in. ба. Лоо) (m) (й 
Niobium.... eee Stress relieved 6-75 5-20 21 2 
C130, CI29Y. (4-3) — (2007) 00) 2-M7) 
Nb-IZr. Cb-752. 75-150 13-28 17 0.13 — S482 
ES-85, FS-291, 6-6 (0.50-1.10) — (55) 00.0058) (M2, М7) 
WC-3015 150-250. 20-33 14 0.18 54. 52 
(6-9) (0.75-1,30) — (45) 
250-400 23-45 M" 
(9-IS — (090-2175 — (35) 
Tantalum ....,.. 200-250 — Stress relieved 6-75 5-20 15 
ASTAR ВИС, (4-3) 40.20-0.75) — G0) 
T111, Т-222, 75-150 13-28 n 
Ta-I0W, Ta-Hf, (3-6) (0.50-1.10) — (40) 
Ta-63 150-250. 20-33 9 
(6-9) 1075-130) — (30) T 
250-400 23-45 8 0.15 54,52 
(9-15) (0.90-1.75 025) (0009 — (M2, M7) 
Tungsten alloys .. 290-320 Pressed and 6-15 5-18 12 0.075 54, 52 
Anviloy 1100 sintered 01-3) (0.20-0.70) — (40 — (0.000 (М2, M7) 
Anviloy 1150 75-150. 13-25 n 0.075 54, 52 
Anviloy 1200 (3-6) (0.50-1.00) GS) (0.003) — (M2. M7) 
150-250. 20-30 8 010 54.52 
(6-9) (0.75-1.20) 025) бом) (М2, M7) 
250-400 23-38 6 010 54, 52 
(9-15) (0.90-1.50 (QU) — (0.004) (М2, M7) 


Source: Metcut Research Associates Ine 





Table 21 


Surface grinding niobium and molybdenum alloys (wrought, 


cast, and P/M) with a horizontal spindle and reciprocating table 

















Table Wheel 
Wheel speed, Cross feed, identification, 
Hardness, speed, — mimin mm/pass 180 or 
Material HB ` Condition тїз) (sfm) gh Finish {in./pass) ANSI() 
Niobium(b)tc ..170-225 Stress 10-200 12-18 0.025 0.013 0.50-5.0 АЗУ 
C103. CI29Y. relieved (33-66) (40-60) (0.001) (0.000SXmax) (0.020-0.200) 
Nb-IZr. Cb-752, 
FS-85, FS-291, 
WC-3015 
Molybdenum . 220-290 Stress 10-20 6-12 0.025 0.013 0.50-5.0 A46KV 
Mo, Мо-50Ке, relieved (33-66) (20-40) (0.001) (0.0005Xmax) (0.020-0.200) 
TZC. TZM 


(a) Wheel recommendations are for wet grinding, For dry grinding, 


Institute for Occupational Safety and Health for precautions. (c) Caution: potential fire hazard: exercise c 


of swarf. Source: Metcut Research Associates Inc 


material; refer to National 


use a softer-grade wheel. (b) Caution 
on in grinding and disposing 











ters for these operations are presented in 
Tables 17 to 20. 


Nontraditional Machining 
of Refractory Metals 


All of the refractory metals may be ma- 
chined with the electrical discharge machin- 
ing (EDM) process. In some applications, 
metal may be removed selectively from 
molybdenum sheet, plate, and forgings by 
chemical machining, chemical milling, or 
chemical blanking. There are no known 
production applications of electrochemical 
machining for niobium and tantalum. 

Wire EDM is useful for cutting complex 
shapes of both niobium and tantalum. For 
example, settings that cut Inco 718 are also 
suitable for three of the niobium alloys. 
C-103, FS-85 and Cb-752. The remarkable 
factor is that the recast structure is less than 
0.013 mm (0.0005 in.) thick and is readily 








pickled off. Electrochemical machining 
(ECM) is not selected to machine niobium 
and tantalum because they tend to form 
oxide films, which passivate the metal 
against attack, except with very aggressive 
electrolytes and with high electrode poten- 
tial. 

Both EDM and ECM work well with 
molybdenum. With EDM, stock removal 
rates are as high as 8 х 10° mm"/min (0.5 
in. min) Tolerances of +0.013 mm 
(50.0005 in.) have been obtained with 
EDM. Intricate shapes are made with EDM 
wire cutting. Electrochemical machining is 
normally capable of about 16 x 10° mm*/ 
min (1 in./min) stock removal at 10 000 
amp. 

Because unalloyed tungsten is extremely 
brittle at room temperature and presents 
machining problems by conventional meth- 
ods, electrical discharge machining is some- 
times used. The principal advantage is that 





(a) Caution; toxic material: refer to National Institute for Occu: 
pational Safety and Health for precautions. (h) Caution: potential 
fire hazard: exercise caution in grinding und disposing of swarf, 
Source: Metcut Research Associates Inc. 





EDM is essentially force free, and force- 
induced fracture and chipping of delicate 
parts is avoided. However, EDM is ex- 
tremely slow. Metal removal rate for tung- 
sten is approximately 1.6 mm? (0.0001 in.*) 
per ampere-minute with brass electrodes 
and is accompanied by a workpiece-to-elec- 
trode wear ratio of 1:2. By comparison, the 
typical metal removal rate for a hardened- 
steel workpiece and a brass electrode is 5 
mm? (0.0003 in.*) per ampere-minute with a 
workpiece-to-electrode wear ratio of 2.5:1. 
The tool assembly shown in Fig. 8 was 
uscd to machine a contour and two holes in 
blanks of unalloyed tungsten. With a standard 
machine and gap current of 30 A, the machin- 
ing operation was completed in 5 to 7 min. 





Parameters for Grinding 
Refractory Metals 


Even under the best of conditions, refrac- 
tory metals are difficult and expensive to 
grind. The grinding ratio is extremely sen- 
sitive to grinding fluid. 

With the exception of tungsten, refracto- 
ry metals load grinding wheels rapidly. Fre- 
quent dressing of wheels and plentiful quan- 
tities of grinding fluid are required. Water- 
base solutions such as potassium nitrite are 
effective in minimizing wheel loading. 
When the residue that the solution leaves on 
work is objectionable, soluble-oil emulsions 
or chlorinated grinding fluids may be used. 

Grinding Niobium. This metal can be 
ground without surface cracking if the previ- 
ously mentioned precautions are observed. 
Parameters for four methods of grinding nio- 
bium are found in Tables 21 to 24. 

Molybdenum. Chatter can be a problem 
in grinding. In some surface grinding, a 
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Table 22 Cylindrical grinding niobium alloys (wrought, cast, and P/M) 











Traverse, 
Work wheel width Wheel 
Wheel speed, Infeed on diameter, perrey identification, 
Hardness, speed, — mímin mm/pass (in.|pass) of work 150 or 
Material HB Condition пи (П) (sfm) Rough Finish Rough Finish  ANSI(a) 
Niobium(byc) ........ 170-225 Stress 20 15-30 0025 0.008 V Vo АКУ 
C103, CI29Y, relieved (66) (50-100) (0.001) (0.0003) (тах) 
Nb-IZr, Cb-752, 
FS-85, FS-291, 
WC-3015 





(а) Wheel recommendations ure for wet grinding of 50 to 100 mm (2 to 4 in.) diam work. For dry grinding, use a softer-grade wheel. For 


larger-diameter work. use a softer-grit and/or coarser-grit wheel. 


For smaller-diameter work, usc а harder-grade wheel. Wheel 


recommendations also apply to plunge grinding applications. (b) Caution: toxic material; refer to National Institute for Occupational 
Safety and Health for precautions. (c) Caution: potential fire hazard: exercise caution in grinding and disposing of swarf. Source: Metcut 


Research Associates Inc. 





Table 23 Centerless grinding niobium alloys (wrought, cast, and P/M) 











Throughfeed. Wheel. 
Wheel of work, Infeed on diameter, identification. 
Hardness, mimin топ раз (іп раз 150 or 
Material HB Condition ms (fts) — (sfmia) Rough. Finish ANSK(b) 
Niobium(eXd) .............. 170-225 Stress 20 1318 0.025 0.013 ALV 
C103, C129Y, Nb-IZr, relieved (66) (43-125) (0.001) — (0.0005) (max) 


Cb-752, FS-85, 
WC-3015 





291, 


(a) Recommended starting conditions: use regulating wheel angle with positive inclination of 3° and a regulating wheel speed of 25 to 40 
Tevimin. (b) Wheel recommendations are for wet grinding 20 to 50 mm (0.8 (o 2 in.) diam work. For larger-diameter work. use 


softer-grade and'or coarser-grit wheel. For smaller-diameter work. use hacder-grade wheel. (c) Caution: toxic 


‘material: refer to National 


Institute for Occupational Safety and Health for precautions, (d) Caufion: Potential бте hazard: use caution in grinding and disposing of 


swart. Source: Metcut Research Associates Inc. 





harder wheel (higher bond strength) and a 
slower speed have helped to minimize this 
condition. However, with a rigid setup and 
a plentiful supply of grinding fluid (water- 
base synthetic), molybdenum can usually 
be ground successfully. 

Parameters for surface grinding molybde- 
num with a horizontal-spindle reciprocating 
machine are found in Table 21. Those for 
internal grinding are set forth in Table 24. 

Tantalum. This metal is sometimes diffi- 
cult to machine because chatter develops 
when surface grinding. Speeds as low as 600 
m/min (2000 sfm) have been used for this 
reason. However, with a rigid setup and a 





flood of grinding fluid (typically, water-base 
synthetic) chatter usually can be overcome. 
Wheels with aluminum oxide abrasive and a 
vitrified bond are used exclusively for 
grinding this metal. 

Parameters for internal grinding of tanta- 
lum are presented in Table 24. In one exam- 
ple, the alloy Ta-10W with a hardness of 240 
HB was surface ground with an A46J8V 
wheel, a wheel speed of 600 m/min (2000 
sfm), a table speed of 12 m/min (40 sfm), and 
a down feed of 0.025 mm (0.001 in.). Grinding 
fluid was a KNO, solution. Cross feeds were 
0.64 mm (0.025 in.) per pass. The alloy had a 
grinding ratio of 25, which compares with a 
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ratio of 20 for 302 stainless and 4.3 for tung- 
sten. The ratio indicates volume of metal 
removed in grinding in relation to the volume 
of wheel wear. The higher the index, the 
easier a metal is to grind. 

Tungsten. Surface cracking can be a prob- 
lem in machining as a result of high thermal 
stresses. A wheel that is too soft is preferable 
to one that is too hard. An excessively hard 
wheel will glaze quicker and is more likely to 
cause cracking. Aluminum oxide wheels, 
such as A46N5V operated at 1200 m/min 
(4000 sfm) with a down feed of 0.015 mm 
(0.0005 in.) per pass, have been used in sur- 
face grinding. Generally, however, silicon 
carbide wheels perform better than aluminum 
oxide types in grinding this metal. 

Because tungsten is brittle, even the light- 
est grinding pressure is likely to cause flak- 
ing at corners. Grinding toward sharp cor- 
ners is never recommended. Soluble oil is 
acceptable as a cutting fluid; heating the 
fluid to about 40 °C (100 °F) sometimes 
helps prevent surface cracking. Parameters 
for internal grinding of tungsten and tung- 
sten-2 thoria are presented in Table 24. 
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Table 24 Internal grinding niobium, molybdenum, tantalum, and tungsten alloys (wrought, cast, and P/M) 
Traverse, wheel Wheel 
Wheel Work Infeed on diameter, mm/pass width per identification, 
speed. speed, (in Jpass) rev of work. 180 oF 
Material Hardness, HB ‘Condition mis (fs) m/min (sfm) Rough Finish Rough Finish АМА) 
Niobium(b( + 170-225 Stress relieved 20 (66) 15-45 0.025 0.013 ^ LÀ АБОЈУ 
C103, CI29Y. (50-150) (0:001) (0.0005X max) 
FS-85, FS-291. WC-3015 
Molybdenum.... 4 220-290 Stress relieved 20 (66) 15-45 0.025 0.013 ^ [Л AGUIV. 
Мо, Mo-SORe, TZC, TZM (50-150) (0.000) — (0.0005Xmax) 
Талшншт............... 220-250 Stress relieved 20066) 15-45 0.025 0.013 n % AGQIV 
ASTAR ИС, T-I11, Т. (50-150) (6.001) — (0.0005)max) 
Ta-I0W, Та-НГ, Ta63 
Tungsten, 85, 93, 96. and 100% 
density cien eras 180-320 Pressed and 10 (33) 15-45 0.013 0.005 ^ D сону 
sintered, (50-150) (0.0005) (0.0002)(max) 
forged, or 
are cast 
Tungsten-2 thoriatbYc) ..... 260-320 Pressed and 10 (33) 15-45 0.013 (0.005) ^ % C60HV 
sintered (50-150) (0.0005) 10.0002) max) 


(a) Maximum hole length is 2.5 times hole diameter: maximum wheel 


use same or softer-grade wheel. For smaller holes. dse harder-grade wheel. 


width is 1.5 times wheel diameter: wheel recommendations are for wet grinding 20 to 50 mm (0.8 to 2 in.) diam holes, For larger holes, 


fire hazard; use caution in grinding and disposing of xwarf. Source: Metcut Research Associates Inc. 


b) Caution: Toxic material: refer to National Institute for Occupational Safety and Health for precautions. (c) Caution: Potential 





Machining of Beryllium* 


Douglas V. Gallagher, Rockwell International, and R.E. Hardesty, Electrofusion Corporation 


BERYLLIUM metal hàs properties that 
require spe attention when machining. 
These properties are as follows: 





* Because beryllium is expensive, near-net 
shape blanks should be used whenever 
possible to reduce material waste and 
subsequent recovery costs 

* The dust and chips generated in machin- 
ing are toxic to humans and can cause 
beryllium disease: therefore, a tested ex- 
haust system and an approved monitoring 
system are essential 
When beryllium is machined, its abra- 
siveness will quickly wear tooling and 
thus degrade accuracy or cause scrap 
under tight-tolerance conditions 
Beryllium is susceptible to machining dam- 
age, which will degrade material proper- 
ties, particularly under high strain rate con- 
ditions; this requires special machining 
schedules to minimize the damage and sub- 
sequent removal of the damage 

Beryllium is a brittle material that will 

easily chip if handled roughly or if fixture 

support is inappropriate 








Material Considerations 


Because of its high cost, beryllium is 
typically recovered after machining. Cut- 
ting beryllium dry helps facilitate recovery 
of the metal because oil does not have to be 
removed from the chips. 

Near-net shape technologies such as cold 
isostatic pressing, sintering, and hot iso- 
static pressing should be taken advantage of 
in the purchase of beryllium blanks for 
parts. Typically, 2.5 mm (0.100 in.) of ma- 
terial or less is all that must be removed. 
Two benefits of using near-net shape tech- 
nologies are the reduction in the amount of 
chips and dust produced and the reduction 
in cost due to the shorter machining times. 

The material used for conducting the tool 
wear studies and some of the surface dam- 
age studies presented in this article was S65 
or select S65 beryllium. The compositions 
of these materials differ only in the few 
areas indicated in Table 1. Both of the 
beryllium alloys are powder metallurgy 


Table 1 Composition of $65 and select 65 bery! 

















тс Composition, % 5 
Beryllium type Be BO AL 6 e M Si s u Other | кем 
565.......-985° 10 006 012 012 008 0% ++ 0,04 max : 
Select 65.........98.5 12 006 01 01 008 006 004 004 0.04 max -l 





products and are compacted using vacuum 
hot pressing and/or hot isostatic pressing. 

Beryllium is a brittle material and must be 
handled accordingly. Fixtures should be 
designed to provide solid support, especial- 
ly for small or sharp features. Care must be 
taken in handling so that features are not 
chipped or broken. 


Health Concerns 


Beryllium in solid form is not hazardous 
and can be handled without special precau- 
tions. The hazards to humans from berylli- 
um lie in the dust and chips produced during 
machining and operations such as polishing 
that produce aerosols. ‘Therefore. the dust 
and chips must be controlled, and this can 
be done by using a tested exhaust system 
when cutting the material dry or by using a 
coolant to contain the dust. The principal 
regulation on airborne beryllium as set by 
the American Conference of Governmental 
Industrial Hygienists is that the in-plant 
atmospheric concentration of beryllium 
should not exceed 2 pg/m? as an average 
concentration throughout an 8-h day. 

Because of this requirement, housekeeping 
becomes a very important function in berylli- 
um machining. Work areas and machines 
must be kept clean of all chips and dust. This 
involves vacuuming up chips on the key 
ways, chips pans, cross slide, compound, and 
so on, of the machine tool being used. An 
industrial hygienist must be consulted to en- 
sure that personnel and work areas remain 
free of beryllium hazards. The subject of 
protection cannot be fully covered in this 
article and only the highlights of some of the 
precautions necessary will be discussed. 
Shop practices must be studied and moni- 
tored by an experienced industrial hygienist. 





*The section “Chemical Milling and Photochemical Machining" was prepared by Mr. Hardesty- 


Beryllium can be cut wet, with the advan- 
tage that the dust will not easily permeate 
the air, The disadvantages are that chip 
recovery is more difficult, the coolant may 
dry out (which allows the beryllium dust to 
become airborne), and some coolants are 
reactive with the metal. 

Most beryllium machining is done dry. 
The dust and chips are controlled with an 
exhaust system located near the cutting tool 
where the chips are produced. Generally, 
the exhaust nozzle is located no farther than 
13 to 19 mm (I^ to % in.) from the cutting 
tool. The velocity at the nozzle should be 
approximately 4390 m/min (14 400 actual ft/ 
min) (Ref 1). For lathe operations, a hood 
and an exhaust system should be installed 
around the chuck and the part. The hood 
has a door that allows loading and unloading 
of parts. There is a slit in the door that 
allows the tool to pass through. The veloc- 
ity at the slit in the door should be approx- 
imately 90 m/min (300 actual ft/min) with 
the door closed. A hood is impractical dur- 
ing milling operations; therefore, an exhaust 
nozzle is used at the cutting tool. 

For operations requiring the polishing of 
surfaces with emery cloth or a coated nylon 
abrasive pad (scotch brite), special care must 
bc taken. This is because of the proximity of 
the machinist to the work and the fine dust 
produced. In these situations, a respirator 
should be worn at all times. For polishing, the 
part should be enclosed in a hood if on a lathe, 
or in à box provided with an exhaust system. 
To prevent contamination of the surrounding 
work areas, small pieces of emery cloth or a 
coated nylon abrasive pad (scotch brite) 
should be used and then discarded immedi- 
ately in an approved waste container. 








Surface Damage 


When cutting beryllium, the machining 
processes introduce an altered layer of ma- 
terial at the part surface. This layer, termed 


Table 2 Transverse tensile properties of as-machined, annealed, and 


etched beryllium 




















Ultimate tensile 0.7% yield 
strength strength Yield point, Elongation, 
Grade Condition MPa ksi мы ksi MPa (ksi) % 
SUE. 2. Before machining 3X6 зл 27 09 - 37 
‘As machined %3 382 266 зз 07 
‘Annealed 
400 °C (750 °F 28 36 з 280 05 
500 °C (930 °F) 20 юз м 288 03 
600 °С (L110 °F) ж 409 їз 272 20 
700 °C (1290 °F) эз s2 205 297 : 36 
800 °C (1470 °F) мэ — 48 20 33 3.1 
900 °C (1650 °F) мт s04 249 361 32 
1000 *C (1830 ^F) м2 4946 29 347 33 
Etched 
25 pm (985 pin.) 33 468 303 28 
50 um (1970 pin.) 37 ан 31.9 28 
75 jum (2950 pin.) BIO 4&3 313 31 
1319A Before machining 396 — 560 39.6 62 
As-machined 282 — 408 4020 28614) 07 
Annealed 
400 °C (750 °F) 3620 245 356 257(37.3) 04 
500 "С (930 °F) 392 02 
600 °C (1110 °F) 38.1 02 
700 "C (1290 °F) 34.5 312 294082 31 
800 "C (1470 °F) 55.2 мі 38 
900 "C (1650 °F) 562 34.5 40 
1000 °C (1830 °F) 556 33.5 46 
Etched 
25 um (985 pin.) мо 493 M4 427 311 (452) 14 
50 ит (1970 pin.) XO 54 289 49 310 (45.0) 40 
75 pm C950 pin.) эз 59 20 392 291 (42.2) 40 
Source: Rer $ 





the surface-damaged or machining-damaged 
layer, extends from 0.025 to 0.50 mm (0.001 
1o 0.020 in.) in depth. depending on the 
method used for machining (Ref 2). Typical 
damage is in the range of 0.025 to 0.10 mm 
(0.001 to 0.004 in.) for most machining. The 
surface-damaged layer consists of a dense 
network of intersecting twins and some 
cracking. These twins are a symptom of 
beryllium machining damage and may con- 
tribute to réduced mechanical properties. 
along with other metallurgical conditions 
present in the surface layer. It is for this 
reason that the machining schedules (the 
number of passes and the depth of each pass) 
must be controlled (Ref 2-4). 

The surface-damaged layer can cause a 
reduction in the mechanical properties of 
the part: this appears to be most detrimental 
in applications in which parts will be ex- 
posed to high strain rates (Ref 3, 5, 6). The 
layer can be minimized by control of the 
machining schedule but cannot be eliminat- 
ed by machining alone. Therefore. subse- 
quent methods may be needed to restore the 
mechanical properties by removing or re- 
pairing the surface-damaged layer. 

Etching and heat treating are two 
methods that can be used to restore the 
mechanical properties of machining-dam- 
aged beryllium (Table 2). In some rare 
applications, the machining schedule can 
control the surface damage to a sufficient 
degree that no difference is seen in the 
as-machined and the etched or heat- 
treated parts. Whether or not the machin- 
ing-damaged layer will cause problems is 














dependent on how the part will be used in 
service. If the part is to be used structur- 
ally, then surface damage treatments will 
be necessary to restore mechanical prop- 
erties. If the part will not be exposed to 
severe service, then damage to mechanical 
properties can be controlled by using a 
schedule similar to the following: 











I Depth 
Operation mm in. 
Maximum roughing cut ETE] 0.050 
Finishing cuts 13 0.050 
0.5 0.020 
925 0.010 
025 0.010 
0.13 0.005 
0.05 0.002 
0.05 0.002 
0.025 0.001 
0.025 0.001 





If the parts are to be heat treated or etched 
to remove machine damage, then the fol- 
lowing schedule can be used (Ref 2, 3): 











m 
Operation mm ia: | 
Maximum roughing сш...............1.3 0.050 
Finishing cuts 13 0.050 
05 0.020 
0.25 0.010 
0.13 0.005 
These schedules are conservative, and 





tions may require fewer cuts. 
by- 


some applic 
This should be determined on a ca 
case basis. 
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(b) 
100 um 





(e) 
100 um 
Fig. ] M&shining-damaged surface of beryllium be- 
1g- | fore etching (a), after 25 um etched (b) and 


after 75 ит etched (c). Courtesy of Lawrence Livermore 
National Laboratory 


The chemical milling of beryllium parts 
removes the machining-damaged layer (Fig. 
1) and usually takes off about 0.05 to 0.10 
mm (0.002 to 0.004 in.) of material from the 
surface (Ref 7). This is accomplished by 
immersing the part in an acid solution for a 
specified time. An advantage of this process 
is that the machining-damaged layer is re- 
moved. The main disadvantage is that the 
removal can be uneven, which can result in 
a loss of precision tolerances. 

Vacuum heat treating of the beryllium 
part at 800 °C (1470 °F) for 2 h will remove 
most of the machining damage and can 
restore all or most of the mechanical prop- 
erties. Heat treating removes the mechani- 
cally induced twins near the surface (Fig. 
2). However, thermally induced twins will 
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(d) 





Fig. 2 Mothining damaged surtace of beryllium before annealing (о), after 600°C (1100 F) anneal (b) after 700 °C (1900 F} anneal (c), and after 800 °C (1470 °F) anneal 
B+ 2 (4). Courtesy of Lawrence Livermore National Loboratory 


be present in the surface and throughout the 
body of the material after the heat treat- 
ment: but they do not have any effect on 
mechanical properties (Ref 5, 6). The ad- 
vantage of this method is that dimensional 
tolerances are not affected except for the 
distortion from heat treating. If the heat 
treating is done properly, the potential 
problem of beryllium sticking to the furnace 
platen or being deposited inside the furnace 
can be minimized or eliminated, 


Turning 


The machine tools used for beryllium are 
not different from any other except for the 
fitting of exhaust systems. The exhaust sys- 
tems on mills consist of attaching a vacuum 
nozzle and its hose to the machine. For 
lathes. a hood and a vacuum nozzle should 
be fitted around the chuck and the part. 

Cutting oils are typically not used in the 
machining of beryllium. The cutting oil 
must be selected with care because some 
are reactive with the metal. In particular, 
cutting oils that contain sulfur or chlorine 
can discolor or corrode the metal. 

Cutting Tools. The C4 grades of carbide 
have been found to perform well in the 
cutting of beryllium. The exceptions are 








tools with titanium or tantalum as binders: 
these tools will fail carly in the cutting 
process (Ref 8). Such C4 grades as Tele- 
dyne HF and Carbaloy 999 perform well. 
Another type of tool material that can be 
used is cubic boron nitride (CBN). Howev- 
er, speeds and feeds must be reduced with 
CBN tools to promote tool life and still 
produce a good surface finish 

If precision machining (profiles =0.1 mm, 
or 0.004 in.) is being performed, the tool 
geometry is of some importance. Because 
of its abrasiveness, beryllium will wear tool- 
ing quickly. If the primary relief angle of the 
cutting tool is large. the nose radius of the 
tool will wear faster than for a smaller 
angle. If possible, the primary relief angle 
should be 3 to 6°. The top rake angle is 
generally held from 0 to 3°. For machining 
that does not require a high degree of pre- 
cision, a top rake angle of 3 to 6° and a 
primary relief angle of 10° are satisfactory. 

Speeds and feeds in turning beryllium 
depend on the type of tool material being 
used. In finishing cuts with the C4 grade 
carbides. the conditions that yield optimum 
tool life are a cutting speed of 67 to 73 m/ 
min (220 to 240 sfm) at a feed rate of 0.1 
mm/rev (0.004 in./rev). This will produce 
surface finishes in the range of 1.0 to 1.6 ыт 








(40 to 63 pin.) R, Finishing with CBN 
tooling involves speeds of 37 to 46 m/min 
(120 to 150 sfm) at a feed rate of 0.05 mm/ 
rev (0.002 in./rev). Surface finishes in this 
case will be in the range of 0.75 to 1.25 um 
(30 to 50 pin.) Ry. 

For rough machining, speeds of 107 to 
122 m/min (350 to 400 sfm) can be used for 
the carbide tooling. Cubic boron nitride is 
not typically used for rough machining, 
because of its cost and the slow feeds and 
speeds necessary to keep the tool from 
breaking down. 





Chemical Milling and 
Photochemical Machining 


Chemical milling and photochemical ma- 
chining are commonly used methods of 
etching beryllium components. This section 
will discuss both of these processes as ap- 
plied to beryllium. The articles "Chemical 
Milling’ and “Photochemical Machining" 
in this Volume describe these processes in 
more detail. 

Chemical milling is used to remove dam- 
aged surface layers or to create surface 
pockets for weight reduction. One form of 
chemical milling consists of completely im- 
mersing the part into an etching solution to 




















i Beryllium part processed by photochemical 
Fig. 3 machining 
remove the machining-damaged layer. 


When combined with a thermal stress relief 
cycle, this approach provides a stress-free 
and/or damage-free part. 

The etchants typically used for the chem- 
ical milling of beryllium are sulfuric acid, 
nitric/hydrofluoric acid solutions, and am- 
monium bifluoride ch of these solutions 
provides a certain ability or advantage, 
depending on the application. 

The photochemical machining of beryl- 
lium is used to produce detailed precision 
parts (Fig. 3 and 4). The process uses the 
same etchants as chemical milling and has 
the following advantages: 








* Maximum material utilization: Through 
proper layout, parts can be produced 
from the inside of cutouts of other parts, 
thus maximizing material use 
Reduced manufacturing costs: Hundreds 
of parts can be produced from one sheet 
of material with one master, one etching 
process, and no subsequent machining 
Repeatability: When a large number of 
final assemblies are required, the same 
photochemical machining master can be 
repeatedly used to manufacture all the 
required detail parts. Thus, the first set of 
parts is identical to the last set, and the 
sets are interchangeable 
* Precision: Photochemical components 
offer extremely tight tolerancing—as 
tight as £0.025 mm (20.001 in.) if criti- 
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Fig. 4 Loser bose plate mode of photochemically machined beryllium 


cally required. Tolerances of +0.075 mm 
(220.003 in.) are easily produced 

* Ductility: The photochemically machined 
components exhibit excellent ductility, 
and no further processing is required to 
remove any residual stresses or damage 
typically induced through conventional 
manufacturing techniques 
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Machining of Uranium 
and Uranium Alloys 


URANIUM AND URANIUM ALLOYS 
are considered easy to machine. Depleted 
uranium is machined on a large scale at very 
high rates of production. The problems as- 
sociated with machining are due to a com- 
bination of properties, including toughness 
and stringiness, abrasiveness, galling, work 
hardening, pyrophoricity, low modulus, 
high density, reactivity with coolants, reac- 
tivity with tools and grinding wheels, and 
toxicity. These properties vary with alloy 
composition and heat treatment. 

This article will focus on the basic metal- 
lurgy, machining parameters, and health pre- 
cautions applicable to the machining of urani- 
um and its alloy classes. References made to 
uranium when machining parameters or met- 
allurgy are discussed will pertain to both 
depleted and enriched uranium. The machin- 
ing of uranium is isotopically independent, 
but health physics concerns vary with the 
individual isotopes. Only when health physics 
is concerned will the discussion be limited 
specifically to depleted uranium. 


Metallurgical 
Considerations 


The three classes of uranium alloys are: 


* Dilute alloys, containing less than 0.4 
wt% of alloying elements 

* Lean alloys, containing between 0.4 and 
4 wt% of alloying clements 

ө Stainless alloys, containing more than 4 
wt% of alloying elements (Ref 1) 


Metallurgically, uranium consists of an or- 
thorhombic a uranium matrix with carbides 
and oxides as principal inclusions (Ref 2). 
Common alloying elements include titani- 
um, which makes uranium hard, and nio- 
bium, which makes it corrosion resistant 
(Ref 1). For example, unalloyed depleted 
uranium has a yield strength of 240 MPa (35 
ksi), 10% elongation, and a hardness of 56.8 
HRA in the B quenched condition. Urani- 
um-0.75% titanium alloy (U-0.75Ti) in а 
solution quenched and aged condition has a 
yield strength of 760 MPa (110 ksi), 15% 
elongation, and hardness of 41 to 42 HRC. 





James A. Aris, Rockwell International 


The yield strength of U-6Nb alloy in the y 
quenched condition is 275 MPa (40 ksi), 22% 
elongation, and a hardness of 54 HRA (Ref 3, 
4). (Information may also be found in the 
article “Heat Treating of Special-Purpose 
Alloys," in Heat Treating, Volume 4, 9th 
Edition, Metals Handbook.) Common uses 
for depleted uranium and uranium alloys in- 
clude nuclear weapon components, calorime- 
ter plates, ballistic penetrators (large and 
small), radiation shielding, gyroscope rotors, 
and aircraft counterweights (Ref 5). 

Some unique characteristics of uranium 
and uranium alloys that affect their machin- 
ability include: 





* Shape memory 

* A nonisotropic coefficient of thermal ex- 
pansion 

© Their pyrophoric, radioactive, and toxic 
properties 


Shape memory is the tendency of the ma- 
terial to return to its original shape after a 
temperature change. Shape memory is more 
prevalent in alloyed than in unalloyed urani- 
um (Ref 1). 

A nonisotropic coefficient of thermal ex- 
pansion causes the material to distort under a 
thermal influence. Unlike isotropic materials 
that expand in all three crystallographic direc- 
tions when heated, unalloyed uranium ex- 
pands in two directions and contracts in the 
third direction. To minimize distortion of the 
part during machining, the cutting tools must 
be kept sharp and the temperature of the 
material kept as low as possible (Ref 6, 7). 

Uranium can also have a relatively rapid 
oxidation rate if its surface is left unprotected. 
To overcome this problem, a finish-machined 
uranium component might require a coating 
to protect the workpiece from oxidation. 

The pyrophoric, radioactive, and toxic 
properties of uranium and uranium alloys 
are discussed in the section Health Effects 
and Required Precautions” in this article. 





Machining Parameters 


Because uranium and uranium alloys are 
pyrophoric, roughing operations are per- 
formed at a slower cutting speed and faster 


feed rate than more common materials such 
as steel or aluminum. This produces as large 
a chip as possible, thereby minimizing the 
possibility of a fire (Ref 8, 9). A large coarse 
chip will not burn as readily as a small fine 
one. The exception to this practice is the 
final pass used in finish turning operations. 

It is also important to avoid working the 
metal in a single direction, which imparts a 
preferred orientation to the crystal struc- 
ture. This, in turn, increases the likelihood 
of distortion. This pass can be made at a 
higher speed, lower feed, and shallower 
depth of cut to produce a better finish if the 
amount of chips produced is small and the 
chip pan contains enough coolant to sub- 
merge the chips. These fine chips may ig- 
nite, but there is insufficient material to 
support a large fire. 

Uranium and uranium alloys are ground 
when necessary using water base coolant 
and a silicon wheel. Grinding of uranium is 
difficult. Due to the relatively low thermal 
diffusivity of uranium, the ground surface 
overheats and oxidizes even at moderate 
stock removal rates and with a generous 
supply of coolant. A heavier than normal 
depth of cut is employed to decrease work 
hardening. Grinding uranium and uranium 
alloys presents a serious health and fire 
hazard, however, and should be avoided 
whenever possible (Ref 10-12). 

"Table 1 lists typical speeds and feeds used 
for cutting uranium and uranium alloys. For 
most operations, the same parameters apply 
to both material types. 

Coolants. Water-base coolants are pre- 
ferred because of the fire hazard; however, 
with proper precautions, uranium can be 
successfully machined in mineral oil. The 
problem with mineral oil is that if a chip fire 
starts, it must be extinguished before the 
flash point of the oil is reached and it too 
ignites. As chips coming off of the work- 
piece ignite, immediate submersion in the 
coolant will lower the temperature suffi- 
ciently to stop the burning (Ref 1). The 
danger of fire is minimized if chips do not 
accumulate in the chip pan or are kept 
submerged in the coolant during cutting. 
Oils having low flash points or aerosol mists 
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Table 1 Machining parameters for uranium and uranium alloys 
T Turning and facing T = Milling 
Roughing Finishing(a) Roughing Finishing(a) 
Cutting speed, m/min (sfm). .... 30-107 (100-350) 122 (400) 21-46 (70-150) 61-76 (200-250) 
Feed rate 
mm/rev (in./rev) .,.. 0.15-0.20 (0.006-0.008) 0.051-0.102 (0.002-0.004) А 
mm/min (in./min) К U 63-76 (2.5-3.0) 38-50 (1.5-2.0) 
mm/tooth (in.itooth). . . . I EE 0.043-0.051 (0.0017-0.002) 0.025-0.034 (0.001-0.0013) 
+ 1.27-2,54 (0.050-0.100) 0.0025-0. 13 (0.0001-0.005) 1.3 (0.050) 0.13 (0.005) 


Depth of cut, mm (in.) . 


(a) For final cuts producing a minimum number of chips because of the fire danger. Source: Ref 13, 14 





such as WD-40 must never be used as cutting 
oils on uranium. (Misting of any coolant as 
opposed to flooding is discouraged because it 
is not sufficient to prevent fire (Ref 8, 9).) To 
prevent fire when machining uranium or ura- 
nium alloys, the cutting area must be flooded 
with coolant, chips must be prevented from 
accumulating in the chip pan, and chips must 
be submerged. Machined chips that are being 
transported should be kept stored under wa- 
ter to prevent self-ignition due to friction. 

Turning and Facing. Uranium and its 
alloys are free machining and can be cut on 
lathes ranging from a jeweler's smallest 
lathe to the largest computer numerically 
controlled (CNC) multiple-spindle lathe. 
Most uranium alloys have the advantage of 
being neither as gummy nor as pyrophoric 
as pure uranium (Ref 8, 9, 15). 

Tolerances. Uranium can generally be 
machined to within the tolerance band of 
the lathe. Material properties of uranium 
and uranium alloys are such that tolerances 
of the order of 0.008 mm (0.0003 in.) are not 
uncommon (Ref 8). In order to hold close 
tolerances, tools must be kept sharp. 

Cold-Working Properties. The carbide 
compounds formed in some uranium alloys 
are harder than the tungsten-carbide cutting 
tool used to machine the alloys. As these 
compounds wear the tool, the uranium will 
cold work (Ref 1), and the heat and stress 
induced in the part will cause distortion and 
exaggerate the effect of shape memory. 

Coolant temperature control is recom- 
mended. A constant supply of temperature- 
moderated coolant helps dissipate heat from 
the part and thus minimizes distortion (Ref 
8.9). 

These practices apply to highly accurate 
machining of any material but are especially 
critical in uranium machining operations 
because of the expansive characteristics of 
uranium. The nonisotropic coefficient of 
thermal expansion makes it difficult to pre- 
dict the manner in which uranium will ex- 
pand from one part to the next, unless 
metallurgical controls have been used. Un- 
alloyed, depleted uranium is commonly 
heated to the B phase 725 °C (1335 °F) and 
then rapidly cooled to room temperature to 
randomize the expansion directions and 
minimize the effect of anisotropy (Ref 16). 

To maintain dimensional accuracy, the 
parts should be rough turned to leave a 0.05 
to 0.25 mm (0.002 to 0.010 in.) depth of cut 








for finish turning, which is done several 
days after rough turning in order to allow 
the material to stabilize. As mentioned ear- 
lier, care must be taken to prevent fire, 
particularly when taking light cuts and pro- 
ducing fine chips. 

Threading. Uranium and uranium alloys 
lend themselves well to single-point thread- 
ing (Ref 8, 9). Uranium threads can be very 
smooth and strong when generated. When 
threading with a tap or a die, ample chip 
clearance must be employed to minimize 
tool breakage. This is further discussed in 
the “Drilling and Tapping” section of this 
article. 

Milling parameters are similar to those 
for turning. Chips produced should be large, 
and coolant should flood the workpiece 
whenever possible to minimize the fire haz- 
ard. Typical milling parameters are: 22 to 76 
m/min (72 to 250 sfm) cutting speed, 38.1 to 
76.2 mm/min (1.5 to 3.0 in./min), or approx- 
imately 0.025 to 0.051 mm/tooth (0.001 to 
0.002 in./tooth) feed rate, and as deep a cut 
as possible to prevent fire (Ref 13, 14, 17). 
As with turning, tools should be kept sharp 
to minimize the effects of inherent material 
factors such as shape memory and distor- 
tion. 

Drilling and Tapping. When tap holes of 
9.5 mm (% in.) diam or smaller are drilled, 
the holes should be drilled one size larger 
than normal (letter, number, or fraction) to 
allow better chip clearance and less force on 
the tap. Solid carbide drills covered with a 
high sulfur content paste lubricant have 
proved to be superior to carbide-tipped 
drills when drilling small holes. 

To minimize breakage, spiral-pointed 
taps having a variable rake and a nitride 
surface finish are commonly used (Ref 8, 9, 
17). It is good practice to use quality tapping 
fluids such as high-pressure fluids with a 
high-sulfur content, fluids composed of 90% 
high-pressure MoS, tapping fluid mixed 
with 10% Freon, or 90% beeswax mixed 
with 10% Freon. These fluids work well on 
all uranium and uranium alloys tested (Ref 
8, 9). If a tapping head is used, tap sizes as 
small as 5-40 can be readily power tapped 
(Ref 17). 

Experience has shown that for drilling 
large holes in alloyed or unalloyed uranium, 
a coolant-fed drill having indexable inserts 
works much better than a standard twist 
drill. With this type of coolant-fed drill, the 











cutting time, tool wear, and fire danger are 
significantly decreased (Ref 8). 


Tool Wear and 
Types of Tools 


From a machining standpoint, uranium 
and its alloys are generally tough, soft, and 
gummy (adherent), although some alloys 
can be quite hard, depending on the metal- 
lurgical processing (Ref 18). The carbide 
inclusions make them abrasive as well. Nor- 
mal flank wear is typical of the tool wear 
seen, even when using the proper tool and 
cutting parameters, when machining urani- 
um. The cutting edge will appear to be 
mechanically worn, not chipped or notched. 
Both of the tools in Fig. | were used to 
make a 495 mm (19.5 in.) long cut in unal- 
loyed, depleted uranium, with working pa- 
rameters of 53.22 m/min (174.6 sfm) cutting 
speed, 0.25 mm (0.010 in.) depth of cut, and 
a 0.21 mm/rev (0.0084 in./rev) feed rate. 
Both tools were TNMP 432 carbide inserts 
(insert configuration and dimensions are 
given in Fig. 2), one of plain carbide (94WC- 
5.5Co-0.5TaC), the other coated with titani- 
um nitride (ISO grade M-20 between C-4 to 
C-5 industry code, TiC/TiCN/TiN coatings 
on a special, strengthened substrate). The 
wear patterns are very similar. As can be 
seen in Fig. 1, the coated insert wore only 
slightly less than the plain carbide. 

Tools typically giving the best results for 
turning and facing unalloyed uranium and 
the softer alloys are uncoated grades of high 
tantalum-carbide content inserts having 
nominal compositions, 74WC-20TaC-6Co 
and S0TaC-44WC-6Co (Ref 13, 18, 19) with 
a slight positive rake, typically 5 to 12° (Ref 
14). Uncoated carbides in the C3 to C7 
range generally work better on the harder 
alloys where abrasion, rather than heat at 
the tool tip, is the primary wear pattern (Ref 
19, 20). Carbide inserts with various coat- 
ings and tools made of high-speed steel have 
been tried with poor results. Coated inserts 
have either fractured, worn excessively, or 
the coating has flaked off (Ref 19), and 
high-speed tools have shown excessive 
wear (Ref 8, 9). 

The high-tantalum carbides are pre- 
ferred when machining the unalloyed ura- 
nium and the lower-strength alloys be- 
cause they can tolerate the high heat that is 
generated. However, the higher the tanta- 
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H Configuration and dimensions of the TNMP 
Fig. 2 432 carbide inserts shown in Fig. 1 


lum content of the carbide tool, the lower 
the tool hardness. Therefore, high-tanta- 
lum carbides are not acceptable tools for 
use on most of the higher-hardness urani- 
um alloys because of excessive edge wear 
on the tool. 





Surface Finish 


A trade-off between surface finish and 
fire control exists when cutting uranium and 
uranium alloys. The parameters that pro- 
duce the finest finish, higher cutting speed, 
and slower feed rate also produce finer 
chips, which burn easily. This is also the 
case when light finish cuts are taken to 
promote a high dimensional accuracy. To 
minimize the danger of fire, one should cut 
rough dimensions at low speed and high 
feed, then clear away the chips and finally 
take the last, light cut, allowing the chips to 
be submerged in the coolant. 

The surface finish attainable on uranium 
and its alloys is comparable to that of stain- 
less steel when similar tools, speeds, and 
feeds are used. An experiment was per- 
formed to compare the surface finish of 
uranium and two of its alloys to that of 
stainless steel under identical conditions, 
As stated previously, identical parameters 
used for other materials, as well as very 
light cuts and water spray mist, are not 
recommended for uranium. For strictly ex- 
perimental purposes, however, this ap- 
proach was accomplished under carefully 
controlled conditions. Figure 3 shows the 
surface finish measurements in microinches 
(roughness average, R,) of four samples iden- 
tically machined. The sample materials were 
type 316 stainless steel, high-purity depleted 
uranium, U-6Nb, and U-0.75Ti alloy age 
hardened to 43 HRC. The samples were 13 
mm (^ in.) diam coupons faced on a 250 mm 
(10 in.) toolroom lathe at a spindle speed of 
375 rev/min, a feed rate of 0.028 mm/rev 
© (0.0011 in/rev) and a 0.08 mm (0.003 in.) 
Normal flank wear encountered when cutting unalloyed, depleted uranium using two types of TNMP 432 depth of cut. The coolant was water spray 


Fig. 1 Carbide inserts (three views of each insert are shown). (a, b, c) Plain carbide (94WC-5.5Co-0.5TaC). mist, the tool was a carbide insert (94WC- 
(d, e, f) Titanium-nitride coated (TIC/TICN/TIN coatings on a special-strengthened substrate) carbide. 15% 5.5Co-0.5TaC nominal composition) having a 
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Fig. 3 


Surface trace and surface finish of four identically machined metals ond alloys. (a) Type 316 SS. (b) High: 
hardened to 43 HRC). Identical test conditions include cutoff (0.8 mm, or 0.03 i 


in), 


purity depleted uranium. (c) U-6Nb all 
(0.25 mm/s, or 0.01 in./s), sample lengt 


. (d) U-0.75Ti alloy 
(25 mm, or 1 іп.), 


les 
ond normal polarity. There was a slight worofion in transverse length: (a) 8.23 mm (0-324 in.) (b) 8.43 mm (0.332 in.) (c) 8.23 mm (0.324 in.), and (d) 8.36 mm (0.329 in.) 


Chart scale profile is 0.25 jum/grad (10 in./grad) in the vertical direction and 0.05 mm/grad (0.002 in./grad) in the horizontal dir 


arithmetic average, root mean square, maximum peok-Io-valley height, and ten-point height, respectively. 


itive rake and 0.08 mm (0.003 in.) nose 
. Machining the 316 stainless steel pro- 
duced an R, of 0.21 рт (8.5 ріп.). The R, 
obtained on the unalloyed, depleted uranium 
was 0.38 шт (15.1 шіп.), while the roughness 
average (R,) on the U-Nb and U-Ti alloys 
was 0.145 and 0.132 шт (5.8 and 5.3 pin.), 
respectively. It is interesting to note that a 
smoother finish was obtained on the niobium 
and titanium alloys of uranium than was ob- 
tained on the stainless steel. 

Detailed information on surface finish is 
available in the article "Surface Finish and 
Surface Integrity" in this Volume. 








Health Effects and 
Required Precautions 


The three major health hazards of urani- 
um are internal and external radiation expo- 
sure, biological effects, and the pyrophoric 
nature of the material. The effects and pre- 
cautions discussed here pertain only to de- 
pleted uranium and its alloys. The hazards 
of enriched uranium (U,,,) are greater, and 
more elaborate precautions are necessary. 

Three ways for uranium to enter the body 
are ingestion, inhalation, and through an 
open wound (Ref 20, 21). Of these three 
methods, more uranium is inhaled than en- 
ters through ingestion or injection (open 
wound) (Ref 21). 


Internal radiation exposure is radiation 
emitted by material that has been taken into 
the body. Once uranium enters the body, « 
particles emitted during radioactive decay 
pose the most serious internal radiation 
hazard. Because it is not highly penetrating, 
the a particle travels a short distance into 
the body tissues, where it is absorbed and 
its energy is released. This energy is con- 
centrated into a small volume of tissue. This 
causes localized cellular damage that has 
been linked to cancer (Ref 21). 

External radiation exposure is radiation 
absorbed by the body from an external 
source. The significant hazard of external 
radiation is exposure of the skin to B parti- 
cles when uranium and uranium alloys are 
handled. Wearing gloves when possible 
minimizes this hazard (Ref 22). Separating 
the uranium from the body either by a 
distance of 1.2 to 1.8 m (4 to 6 ft) or by using 
shielding materials such as metal or glas: 
sufficient to minit y 
even for long periods of exposure (Ref 21). 

Biological Effects. Uranium is an ex- 
tremely toxic substance. Soluble uranium 
compounds that have entered the body typ- 
ically damage the kidneys, insoluble urani- 
um compounds damage the lungs, and both 
soluble and insoluble uranium compounds 
affect the liver, though not to the degree 
that they affect either the kidneys or the 
lungs. The severity of the damage depends 
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on the amount of uranium absorbed and the 
number of times the body is exposed. In 
some cases, small amounts of uranium can 
be expelled gradually, and the damage is 
minimal or repairable. Absorption of suffi- 
ciently large amounts of uranium or pro- 
longed exposure, however, may cause se- 
vere and permanent illness (Ref 21). 

Pyrophoric. Like magnesium, uranium and 
uranium alloys are extremely pyrophoric. 
Uranium turnings and fine machining dusts 
may burn when subjected to heat in the 
presence of air. A chip fire that is out of 
control can cause great damage and pose a 
serious health threat. Severe burns, radiation 
exposure (both internal and external) (Ref 
20), and extensive property damage can occur 
from fires resulting from chips that are not 
totally submerged, but merely accumulating 
in chip pans and waste barrels. 

Water thrown on a uranium chip fire that 
is out of control produces an exothermic 
reaction involving a disassociation of the 
hydrogen and oxygen in the water, thus 
producing a more violent eruption. Out- 
of-control fires should be smothered with 
carbon dust. 

Uranium turnings should be promptly re- 
cycled or otherwise disposed of by ap- 
proved disposal techniques. 

Precautions Observed in Machining 
Uranium. To prevent uranium contamina- 
tion, eating, drinking, and smoking should 
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be prohibited while personnel are working 
in the uranium area. Chip fires hot enough 
to vaporize the metal must be prevented, 
and an approved respirator should be easily 
accessible in case of airborne contamina- 
tion. Protective clothing consisting of cov- 
eralls and shoe coverings must be worn in 
place of street clothes. Upon leaving the 
uranium working area, personnel should 
wash hands and faces before eating, drink- 
ing, or smoking, and anyone machining or 
forming uranium should shower before 
leaving the area. Uranium and materials 
that come in contact with uranium such as 
cutting oil, cutting tools, protective cloth- 
ing, and so on, arc considered hazardous 
materials, the disposal of which is governed 
by state and federal regulations. 

Although the effects of depleted uranium 
on health are more subdued than those of 
enriched uranium and plutonium, they are 
no less real. When one is working with any 
uranium or uranium alloy, the material 
should be respected as a hazardous and 
potentially dangerous material. 

When feasible, machining of uranium and 
uranium alloys should be done on a machine 
that has negative air relative to the operator/ 
machinist tending the equipment. Air flow 
should be sufficient to entrain any particu- 
lates, and the resulting mixture should be 
passed through appropriate filters. 
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Machining of 


Powder Metallurgy Materials 


POWDER METALLURGY (P/M) is a 
near-net shape process capable of producing 
complex parts with little or no need for sec- 
ondary operations such as machining, joining, 
or assembly. Howcver, the inability to pro- 
duce certain geometrical figures such as 
transverse holes, undercuts, and threads fre- 
quently necessitates some machining, partic- 
ularly drilling. Because of the growing use of 
P/M materials to increase productivity and 
reduce costs, the study of the machinability of 
these materials has become increasingly im- 
portant, especially because powder metals 
are generally considered to have poor ma- 
chinability in comparison with wrought or 
cast metals (Ref 1). In addition, there is a 
trend toward the design of complex P/M parts 
that call for machining, in contrast to the past 
practice to minimize machining (Ref 2). 

The machinability of P/M components is 
dependent upon a number of factors, in- 
cluding workpiece and tool material proper- 
ties, cutting conditions, machine and cut- 
ting tool parameters (Ref 3, 4), as well as 
some P/M material and production process 
parameters such as particle size, part geom- 
etry, porosity, and compaction and sinter- 
ing methods. 

The cutting characteristics of a workpiece 
material can be controlled by the alteration 
of the microstructure by means of changes 
in chemical composition, the addition of 
free-machining additives, or various me- 
chanical treatments (Ref 1, 5, 6). These 
techniques often have limited influence be- 
cause of interactions among different fac- 
tors. Optimization techniques include ad- 
justments in cutting conditions and tool 
geometry and the selection of proper tooling 
materials. Microstructural changes seldom 
can be made to improve machinability with- 
out introducing some significant negative 
influence on mechanical and physical prop- 
erties. Materials prealloyed with manganese 
sulfide are an exception. 


Optimizing P/M 
Part Machining 


The following are measures that can op- 
timize the machining of P/M materials: 
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* Taking advantage of the good machining 
properties of high-density parts (above 
92% of theoretical density) 

* Machining in the presintered condition 

е Using additives that do not require sacrific- 
es in powder processing or part properties 

* Following the suggestions of published 
guidelines for material and machining 
methods 

* Running machinability tests on P/M ma- 
terials 


High Density. The machinability of high- 
density parts is comparable to that of 
wrought metals. Speeds and feeds are sim- 
ilar, for example (Ref 6). 

Forging is one of the methods used to 
obtain high-density parts. Figure 1 shows a 
P/M connecting rod for a 1.8 L automotive 
engine that underwent double disk grinding, 
deburring, and shot peening. The P/M mate- 
rial was a copper steel composition. The ul- 
timate tensile strength of the finished part 
was about 825 MPa (120 ksi), the, fatigue 
strength was 550 MPa (80 ksi) at 10° cycles, 
and the hardness was in the range of 76 to 89 
HRG (Ref 7). 

Presintering. Machining usually follows 
presintering, which is performed to volatil- 
ize and burn off pressing lubricants. The 
lubricant must be removed because it may 
cause carburization of ferrous alloys during 
final tering; carburization reduces ma- 
chinability and improves mechanical prop- 
erties and corrosion resistance of P/M al- 
loys. In terms of machining speed and tool 
wear, the gains are attractive. However, 
there can be losses in part tolerances and 
finishing characteristics (Ref 8). 

Additives. Free-machining benefits can 
be obtained by means of small additions to a 
standard powder composition (Ref 6). Ad- 
ditives for ferrous powders include lead, 
sulfur, copper, or graphite; for nonferrous 
powders, lead is used. The advantages of 
changing composition in this manner can be 
at least partially offset by side effects. Ad- 
ditions may cause problems such as dimen- 
sional changes of parts during sintering, and 
there could be some deterioration in the 
properties of parts. 












Hot forged P/M connecting rod that was 
double-disk ground. Machinability was the 
key factor in adopting this part making process. Courtesy 
of P.K. Johnson, Metal Powder Industries Federation 


Fig. 1 


Prealloyed manganese sulfide powders, 
such as MP 37, appear to avoid those short- 
comings in ferrous alloys (Ref 9). Manga- 
nese content is intentionally high to ensure 
that all sulfur is present in the form of 
manganese sulfide inclusions. When these 
inclusions are extensively deformed in the 
shear plane and in the flow zone adjacent to 
the tool surface, they contribute to higher 
cutting speeds, longer tool life, good surface 
finish on parts, and lower tool forces. In 
addition, chips are more readily handled 
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Table 1 Typical compositions for ferrous P/M structural materials 

















— МІР composition limits, Sa) — — — — 
PIM material MPIF designation. Ni Mo Cu Fe 
Iron ss F-0000 00.3 
Carbon steel Е-0005 0.30.6 

T-0008 0.6209 
Iron-copper .. ... FC-0200 0-0. 
Copper steel . FC-0205 0.3-0.6 
FC-0208 0.6-0.9 
ЕС-0505 0.3-0.6 
FC-0508 0.6-0.9 
FC-0808 0.6-0.9 
FC-1000 0-0. : 
Iron-nickel . FN-0200 003 10-30 
Nickel steel . . FN-0205 03-06 — 10-30 
FN-0208 0.60.9 103.0 
EN-0405 03-06 — 30-55 
FN-0408 06-09 — 0-55 UU 
Low-alloy steel . . FL-4205 0.40.7 0354055 0506085 - 
FL-4605 04-07 170200 040080 94.5-97.5 

Copper-infiltrated iron... 003 et Ue 8.0-14.9 — 828-920 

Copper-infiltrated steel ......- 0.3-0.6 8014.9 825-917 
0.60.9 80-149 — 822-91.4 

0-0.3 150-280 727-850 

0.3-0.6 150-250 724-847 

0.6-0.9 150-250 — 72.1-844 





(a) Metal Powder Indust 
Source: Ref 10 





А Federation (MPIF) standards require that the total of all other elements be less than or equal to 2.04% 





than those produced by conventional P/M 
materials. More detailed information on MP 
37 powder can be found later in this article. 

Another additive-type technique, the oil 
or resin impregnation of porous P/M parts, 
also improves machinability. The most 
common application for oil impregnation is 
for self-lubricating bearings (see the article 
“P/M Bearings" in Volume 7, 9th Edition of 
Metals Handbook 

Material Guidelines. Published informa- 
tion is available to help in the selection of 
P/M materials for good machinability, in the 
design of parts that are within the parame- 
ters of the P/M process, and in machining 
P/M materials by proven procedures (Ref 6, 
10). Many medium- to high-density materi- 
als have been standardized by the Metal 
Powder Industries Federation (MPIF). The 
MPIF designations for ferrous P/M materi- 
als, described in Ref 10, include a prefix of 
one of more letters (the first of which is F to 
indicate an iron-base, or ferrous, material), 
four numerals, and a two- or three-digit 
suffix. The second letter in the prefix iden- 
tifies the principal alloying element (if one i 
specified); the percentage of that element is 
indicated by the first two numerals. The 
third and fourth numerals indicate the 











amount of combined carbon; the code des- 
ignation 00 indicates 0.0 to 0.3% C, 0S 
indicates 0.3 to 0.6% C, and 08 indicates 0.6 
10 0.9% C. The suffix number represents the 
specified minimum strength value (in ksi). 
For example, FC-0208-60 is a P/M copper 
steel material containing nominal 2% Cu 
and 0.8% combined carbon possessing a 
minimum yield strength of 60 ksi in the 
as-sintered condition. 

For nonferrous materials, the first two 
numbers in the four-digit series designate 
the percentage of the major alloying consti 
uent. The last two numbers of the four-digit 
ies designate the percentage of the minor 
g constituent. 

For improved machinability, lead is 
sometimes the third alloying element in a 
nonferrous alloy system. Lead will then be 
indicated only by the letter P in the prefix. 
The percentage of lead, or any other minor 
alloying element that happens to be exclud- 
ed from the four-digit nomenclature, is rep- 
resented in the chemical composition that 
appears with each standard material. 

For example, CNZP-1816-15 is a nickel- 
silver alloy containing nominal 1876 Ni, 16% 
‘Zn, and 1 to 2% Pb, with a minimum yield 
strength of 15 ksi. 




















Table 2 Typical compositions for P/M stainless steels 


Compositions for a variety of P/M struc- 
tural materials are given in Tables | to 3. 
Hardness and density values for these ma- 
terials are given in Table 4. 

P/M carbon steels are selected primarily 
for parts with moderate strength and hard- 
ness, combined with machinability. Iron- 
copper and copper stee! materials are pro- 
duced from admixtures of elemental iron 
powder and elemental copper powder with 
or without graphite powder (carbon). When 
secondary machining is required, combined 
carbon contents of less than 0.5% should be 
specified. Copper-infiltrated iron and steel 
materials offer improved machinability be- 
cause of reductions in interrupted cuts, and 
machined parts have a smooth surface fin- 
ish. Among stainless steels, SS-303 is pre- 
ferred when parts require extensive second- 
ary machining. Brass, bronze, and nickel 
silver parts usually have good machinabil- 
ity. 

Design. Certain types of holes, under- 
cuts, and threads are examples of features 
that cannot be accommodated by the P/M 
consolidation (pressing) process and there- 
fore require machining. Holes in the direc- 
tion of pressing, produced with core rods 
that extend up through the tools, are readily 
incorporated in parts (Ref 6), but side holes 
or those not parallel to the direction of 
pressing cannot be made in the same way 
and are generally produced by secondary 
machining. 

Undercuts on the horizontal plane (per- 
pendicular to the die centerline) cannot be 
produced if they prevent the part from 
ejecting from the die (Fig. 2). Annular 
grooves around a part are produced by 
machining or by making the part jn an 
assembly of two pieces. Likewise, a part 
with a reverse taper (larger on bottom than 
on top) cannot be ejected from a die. Be- 
cause threads in holes and on outside diam- 
eters prevent a part from being ejected from 
à dic, they cannot be made with convention- 
al P/M methods; machining is required. 

Representative machining methods are 
turning, milling, drilling, tapping, and grind- 
ing. The basic guideline is to start with 
cutting conditions for wrought and cast 
parts and tailor them for the application. 
The recommendation applies in particular 
10 lower-density parts. High-density parts 
(292% of theoretical density) machine like 























Г MPIF composition limits, %(a) 4 
MPIF designation Fe с м Ma si s с Р Mo N 
SS-308NI, №2...... кенер EET 17.0-19.0 80-130 020 0-1.0 0.15-0.30 00.15 0-0.20 0.2-0.6 
55-3031. ..... yä .. rem 17.0-19.0 8013.0 02.0 0-10 0.15-0.30 0-0.03 0-0.20 : 
SS-304N1. N2 ..............-- TEM 18.0-20.0 8.0-12.0 020 01.0 00.03 00.08 0-0.045 0.2-0.6 
55-3041, . Кои ‚тет 18.0-20.0 8.0-12.0 0-20 0-10 00.03 00.03 0-0.045 

SS316NI, N2..... sos. fem 16.0-18.0 10.0-14.0 020 0-1.0 0-0.03 0-0.08 0-0.045 2.0-3.0 0.2-0.6 
SS316L aiie тет 16.0-18.0 0-40 020 0-1.0 0-0.03 0-0.03 00.045 2.03.0 : 
SS410...... ves аз FEM 11.5-13.0 . 0-10 0-1.0 00.03 0-0.25 0-0.04 : 02-06 


(a) MPIF standards require that the total of ай other elements be less than or equal to 2.0%- rem, remainder. Source: Ref 10 
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Table 3 Typical compositions for copper-base P/M structural materials 





MPIF designation ! Cu 


MPIF composition limits, ita) — — — — —1 
Pb Sn Ni 











Material 
Bronze «+ CT-1000 87.5-90.5 rem 1.0-2. 9.5-10.5 
Brass CZ-1000 88.0-91.0 rem М 
CZP-1002 88.0-91.0 rem 1.0-2.0 
CZP-2002 77.0-80.0 rem 1.0-2.0 
CZ-3000 68.5-71.5 гет - 
CZP-3002 68.5-71.5 rem 10-2.0 
Nickesilver а + CNZ-1818 62.5-65.5 rem LA 
CNZP-I816 62.5-65.5 rem 1.0-2.0 





(a) MPIF standards require that the total of all other elements be less than or equal to 2.0%, Source: Ref 10 





wrought metals. Speeds and feeds, for in- 
stance, are similar. 

Smearing of self-lubricating porous parts 
can be a problem. Recommended practice 
involves the use of sharp tools and light cuts 
in single-point machining, such as turning or 
boring. 

Coolants are preferred in most machining 
operations. Coolant pickup can be a prob- 
lem: The rate of pickup is directly related to 
amount of porosity. Ideally, all machining 
except grinding should precede deburring. 
Retained deburring abrasive can cause ex- 
cessive tool wear, Ceramic and cubic boron 
nitride (CBN) inserts are usually run dry; 
performance is typically better than or at 
least equal to that obtained with coolants. 

Tooling materials, depending upon the 
application, range from high-speed steels 
and coated or uncoated carbides to cermets 
and ceramics. 

In drilling, speeds and fecds are 80 to 
85% of those for wrought metals of the 
same composition. For long tool life, ni- 
trided steel, high-speed steels containing 
cobalt, and carbide-tipped drills are rec- 
ommended. 

Internal threads are produced with con- 
ventional tapping methods. Tool life is rated 
excellent, when using premium-grade high- 
speed steel or nitrided taps. Roll form tap- 
ping is another technique in use, especially 
for blind holes. 

The life of a given tool material used in 
machining a given P/M material can be 
determined by simple testing, such as drill- 
ing, as described later in this article. For 
work materials, hardness can be used as an 








indicator of machinability with this caveat: 
With P/M an increase in porosity can result 
in a reduction in hardness and machinability 
(Ref 11). Tests for both tool and work 
materials are described in the article “*Ma- 
chinability Test Methods" in this Volume. 

Usually, parts with an average hardness 
of HRB 52 have machining properties sim- 
ilar to those of cast iron. At this hardness 
level, parts must be held rigid, and weak 
sections must be supported to prevent dis- 
tortion. Compressed air is used to cool the 
tool and maintain swarf clearances. Jets arc 
directed onto tool cutting edges and work 
surfaces. Liquid coolants cannot be used 
because parts must be kept dry and clean 
for subsequent sintering. Carbide tips of 
180 designation K 10 with a hardness of 92.6 
HRA give good results and will accept some 
interruptions on the cutting surface. 

Tools must be held rigid. and cutting 
edges must be sharp with rake angles of up 
to 3^ positive on top and side and frontal 
clearances of 3 to 5°. Surface speeds of 105 
to 120 m/min (350 to 400 sfm) and feeds of 
0.050 to 0.10 mm/rev (0.002 to 0.004 in./rev) 
are satisfactory for form turning, but sur- 
face speeds can be increased to 180 to 210 
m/min (600 to 700 sfm) in single-point turn- 
ing. Feeds can be increased within the 
boundaries of economic tool life, the stan- 
dard of accuracy, and surface finish require- 
ments. 

In machining fully sintered parts (aver- 
age hardness, 90 HRB), K10 carbide tips 
give a satisfactory life with ( top rake, 7° 
frontal clearance, and 5° side clearance. 
Single-point finish turning is used, with a 
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Fig. 2 sachining is required to obtain such features in 
eq 
capability of P/M process. (c) Alternative to part in (b) that 


(e) 


P/M part design considerations. (a) Undercuts on horizontal plane cannot be produced in P/M process. 


ports. (b) Example of undercut in flange that is beyond 
can be made without secondary machining 





stock removal of 0.125 to 0.20 mm (0.005 
to 0.008 in.) of surface depth and 0.050 mm 
(0.002 in.) of feed per revolution. Surface 
speeds are 120 10 135 m/min (400 to 450 
sfm), and tips require a radius of 0.20 to 
0.25 mm (0.008 to 0.010 in.). Form turn- 
ing is not advisable because of the work- 
hardening characteristics of the material in 
this state. When CBN tools are used, 
surface speeds can be increased from 600 
to 1000 m/min (2000 to 3280 sfm) using the 
same rake and clearances as those for K10 
tools. These tools will also accept some 
degree of interruption on the cutting sur- 
face. With K10, a coolant is necessary to 
keep the tool cool and to maintain swarf 
clearance. With CBN, the procedure used 
depends on the workpiece material. Re- 
sults from tests run dry are usually similar 
to those run wet. When the wet technique 
is used, the tool must be flooded with 
coolant continuously. 


Factors Affecting 
P/M Machinability 


Researchers have explained the poor 
machinability of P/M parts on the basis of 
the interrupted-cutting theory, hard-inclu- 
sion theory, and thermal-conductivity the- 
ory (Ref 12-16). However, the factors as- 
sumed in these theories are hard to isolate, 
to evaluate independently, and to deter- 
mine the contribution to machinability. 
Poor machinability is clearly due to the 
presence of porosity, which also affects 
mechanical and physical properties. Both 
tensile strength and thermal conductivity 
are reduced dramatically by the presence 
of porosity. While lower strength often 
results in better machinability, the disad- 
vantage of lower thermal conductivity 
more than offsets the advantage of lower 
strength (Ref 17, 18). 

Much of the current research and devel- 
opment on machinability focuses on the 
influence of porosity, various aspects of the 
P/M process, chemical compositions, ma- 
chining variables, and physical properties of 
the material (Ref 1). 


Effects of Porosity 

One of the distinct characteristics of P/M 
materials—porosity—causes — noncontinu- 
ous contact between the workpiece and 
cutting edge of the tool, leading to the 
postulation of an interrupted-cutting model 
that attempts to describe the influence of 
porosity on machinability (Ref 6, 8, 12). In 
this model, increased tool wear is thought to 
occur because the cutting tool experiences 
continuous load variation and is subjected 
to microshocks and vibration as it passes 
through the porous material. 

It has been proposed that the cutting 
process includes "microblows" at the cut- 
ting edge (Ref 12). Using a scanning elec- 
tron microscope to examine the tool used to 
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Table 4 Hardness and density values for P/M structural materi 


ls 



























































































Density, Apparent Matrix Density, Apprem Matrix 
MPIF designation Wem! hardness) hardnessib) МӘНЕ designation gem! hardness(a) hardnesibi 
rons and steels -45 E 83 HRB 
EN 174 88 HRB = 
шшр = M EI FN-0208-80HT. - 163 26НЕС 57 HRC 
73 80 HRE -10SHT 69 31 HRC 57 HRC 
^ NB зонт 110 35НЕС 57НЕС 
6, 40 HRB -ISSHT 12 39HRC 57 HRC 
Diss M DA dé BOHT | 74 42HRC 57 HRC 
F-XOSSOHTQ). ss 66. 20HRC — s&HRc КҮ? 183. ГАНЕВ Р 
4 3s 70 71 HRB 
MOHT.. 68 22HRC ЕНЕС 
онт: 70  2SHRC 58 HRC si spend НЕЕ = 
58 35 HRB T FN-0405-ROHT . 65 19 HRC 55 HRC 
IN ра “10SHT 68 2SHRC 55 HRC 
25 Bu IBOHT [12/170 — 3M HRC 55 HRC 
ON Он 2e “ISSHT . 123. ЭНЕС SS HRC 
ЭМ МИШ rane П80НТ...74 — 40HRC 55 НЕС 
$i БН DHUR ANNEN 65 67HRB с 
Y Г" “4 45. 9 78 HRB 
169 НЕС HRC eH 9 BUE 
74 35 HRC 60 HRC e Ez 
Iron-copper and copper steels рс: Mie 
bis FL-4205-80HT 28 НЕС 6 HRC 
PGO: B? i) RRR -100HT.. НЕС 60 HRC 
m EI лант. 36 HRC — 60 HRC 
i xu -MOHT...... ЭНЕС 60 HRC 
eee EL-4605-80HT. 2 24 HRC 60 HRC 
уы “онт... ЭНЕС — 60 HRC 
она -I0HT 34HRC 60 HRC 
ЮНЕ : нт... 39 НЕС 60 HRC 
19 НЕС SSHRC Copper-infiltrated iron and steel 
SAC sume ЕХ .73 6S HRB 
НЕС ЈЕНС  EX-00540.............]3 82 HRB 3 
о м FX-1005-100HT- 73 38HRC SS HRC 
2 HAE ЕХ-1008-50..... 73 S9 HRB 
Aku FX-1008-110HT 73 43HRC ЗАНЕС 
AES ение ОТУ 3&HRC SSHRC 
З НКС — &0HRC c ERE 
| NE и [13 36HRC S8 HRC 
51 HRB 
D 64 — 6G HRB 
UM (65 — 63 HRB 
de: pen 166 21 HRB 
ES 80 HRB m Bm 
ЕСайй8-45............. 60 65 HRB ie To 
ЕС-1000.20............ 60 — IS HRB E. aud 
Iron-nickel and nickel steels 65 62HRB 
ашк › 000066  20HRB 
lius баена РА SSAW0-90HT..........65  23HRC 55 HRC 
a's Brass, bronze, and nickel-silver 
wo P €7-1000-9 271% 6S HRH 
B oL 10. 11% 72 HRH 
74 78 HRB M. .810 80 HRH 
ыва CZP-2002-11 760 75 НЕН 
66 23 HRC 55 НЕС n in S 
“IOSHT ........ 69 29 HRC — 5SHRC m C 
260 DERE epee GANEN 1760 84 HRH 
З “16 “800 92 HRH 
72 36HRC 55 HRC " 
О ЧӨН dec Cibi LH 1760 80 HRH 
14 1900 88 НЕН 
ЕМ-0208-30............ 67 63 HRB А 
| S CNZAMIT,........790 90 HRH 
"n sm CT-1000-13 (repressed) ..7.20 82 HRH 





(a) The hardness value of a P/M part when using a conventional indentation hardness tester is referred to as apparent hardness because 
it represents a combination of matrix hardness and effect of porosity. Apparent hardness measures the resistance to indentation or 


brinelling. (b) Matrix hardness is determined by microhardness testers using Knoop (HK) or diamond 


amid hardness (DPH) 


indentors, It measures the true hardness of the structure by eliminating the effect of porosity. and thus is a measure of resistance t0 
abrasive and adhesive wear, (c) When the letters HT appear afler the suffix digits. itis understood that the P/M material specified has 
been heat treated (quenched and tempered) and that the strength indicated is the ultimate tensile strength in ksi. Source: Ref 10 





turn porous iron, it was found that the tool 
cutting edge was chipped an amount approx- 
imately equal to the 1 рт (40 pin.) pore size 
of the material. Chipping was attributed to 
microcrumbling, occurring as the tool passed 


through voids within the porous part. Abra- 
sive tool wear was claimed to be due to the 
noncontinuous contact between the ma- 
chined surface and the tool material at the 
flank face, which allowed abrasive particles 


to enter this wear junction. The same inves- 
tigator also found that the grinding ratio de- 
creased with increased porosity while grind- 
ing 70 to 88% dense iron material (Ref 19). 

In another study it was found that drill 
flank wear increased with decreasing relative 
density (from 90 to 70%, as shown in Fig. 3) 
(Ref 18). At 64% density 304L stainless steel 
had very poor machinability; the tool failed 
while drilling the first hole. Higher density 
materials failed primarily because of flank 
wear, while those of lower density typically 
failed because of excessive margin wear. The 
effect of density on drill life was significant, as 
shown in Fig. 4. Drill life lengthened with 
increasing density at two different cutting 
speeds. Life at the 12 m/min (39 sfm) cutting 
speed was 50 to 90% lower than that at 8.5 m/ 
min (28 sfm). It is clear that wear data and 
100) life relationships developed for fully 
dense materials cannot be expected to be 
valid for porous materials because of their 
discontinuous nature. 

One major auto maker has found that the 
machining characteristics of forged P/M 
parts are similar to those of wrought or cast 
counterparts (Ref 17). No significant differ- 
ence was observed in turning, boring, or 
drilling forged AISI-SAE wrought steel 
parts or their P/M counterparts made of 
water-atomized AISI-SAE 1141 powder. Ti- 
tanium nitride coated carbide tools and ce- 
ramics are preferred for machining P/M 
forgings to reduce abrasive tool wear, 
which is more apparent than it is with 
wrought forgings. 

Temperature and Wear. The porosity of 
P/M materials also influences their physical 
properties, such as thermal conductivity 
and specific heat. An increase in porosity 
causes a decrease in thermal conductivity 
(Ref 20-24). 

Lower-density materials, having lower 
absorption and diffusivity coefficients, con- 
duct less heat than do the more dense 
materials (Ref 17). Higher amounts of heat 
remain in the cutting zone when low-density 
materials are machined. This results in high- 
er temperatures in the cutting zone. For this 
reason, the thermal conductivity of material 
is important in machining P/M parts. 

The conductivity phenomenon can inten- 
sify thermal types of tool wear. As a result, 
the amount of wear can be expected to 
increase relative to porosity. It is also pos- 
sible for a temperature increase to have an 
appreciable effect on oxidation and other 
chemical reactions on the generated surfac- 
es. This may in turn affect tool wear, de- 
pending on reactions at the tool/workpiece 
and tool/chip interfaces. A high temperature 
in the cutting zone accelerates chemical 
reactions in the lubrication films in the 
contact zones. Many different wear phe- 
nomena are influenced by a temperature 
increase. Several authors have shown that 
adhesive wear predominates in the machin- 
ing of P/M steels (Ref 12, 19). 
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Fig. 3 Flank wear growth as function of density. P/M material is 304L stainless steel. V, speed; f, feed 


Average drill flank temperature was 
measured in drilling a P/M version of AISI 
304L stainless steel (Ref 1). Variations in 
temperature with density for new and 
worn drills at various hole depths and 
cutting speeds are shown in Fig. 5. Drill 
temperatures were significantly higher at 
the higher cutting speeds and also in- 
creased with hole depth. In addition, there 
was a greater difference in temperature 
between the new and worn drills at greater 
hole depths. 





Additives. High temperatures in the cut- 
ting zone become an important consider- 
ation because additives such as sulfur have 
low melting points and may melt during 
machining. Reactions may change the mi- 
crostructure of the machined material and 
could lead to the production of parts having 
undesirable microstructures. Also, cutting 
temperature becomes very important when 
polymer materials with low melting temper- 
atures are being uscd to close porosity and 
improve surface lubrication. Polymers melt 
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Fig. 4 Енес of relative density on drill life of 304L P/M material 
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at high cutting temperatures, and poor sur- 
face finish results (Ref 1). 

Chips. Porosity affects chip formation 
and chip continuity. Chips tend to densify, 
depending on cutting parameters. In gener- 
al, chips produced in P/M machining are 
discontinuous, especially at intermediate 
and low densities. Continuous chips are 
observed in machining high-density materi- 
als. Chips generated when machining forged 
P/M parts were found to be almost as long 
as those obtained when machining wrought 
steel (Ref 13). In general, the higher the 
material density, the longer the chip. Chips 
produced in machining low density (poros- 
ity >35%) 304L P/M stainless steel are very 
small—less than 0.2 mm (0.008 in.) in their 
longest dimension (Ref 17, 25). This could 
present problems, in vertical drilling or 
pocket milling for example. 

Surface Finish. Porosity has a strong 
influence on the surface finish of machined 
parts. The surface finish of a porous mate- 
rial can be expected to have characteristics 
that are different from those of a wrought 
material, when cutting conditions for both 
materials are identical. This is because po- 
rosity causes variations in tool wear mech- 
anisms, in material work hardening, and in 
densification at the surface, and, addition- 
ally, may cause higher temperatures at the 
cutting surface. 

Summary. Because the interrupted-cut- 
ting model docs not adequately explain phe- 
nomena exhibited in drilling P/M 304L, 
these phenomena are better rationalized in 
terms of three offsetting parameters: the 
influence of porosity on thermal conductiv- 
ity, work hardening. and the bulk strength 
of the workpiece. 

Porosity significantly influences cutting 
forces, tool wear, thermal conductivity, 
cutting temperature, chip formation, and 
generated surface finish. These factors 
should be considered in evaluating the ma- 
chinability of P/M parts. In general, higher 
density improves machinability. As full 
density is approached, machinability may 
be close to that of wrought materi 


Effects of the P/M Process 

The production of a P/M part requires 
processing steps not normally used in the 
manufacture of wrought materials. For ex- 
ample, the powder production process de- 
termines such characteristics as particle 
size and shape. They in turn greatly influ- 
ence the further processing, the microstruc- 
ture, and the properties of a P/M material. 
The behavior of a powder during compac- 
tion and sintering depends on the powder 
manufacturing method. Methods used to 
add chemical additives, such as premixing 
or prealloying with the powder, have a 
significant effect on final properties and 
machining characteristics of the part. 

Although a rise in tool wear rate accom- 
panies an increase in porosity, the magni- 
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Fig. 5 Енес of density on drill temperature at different tool life fractions for 304L P/M stainless steel 


tude depends on the particular P/M material 
and the method by which the powder is 
produced (Ref 26). A sponge iron particle is 
normally softer than an atomized powder 
particle, which may explain why sponge iron 
base materials exhibit a greater tendency to 
stick to a cutting tool (Ref 27). The size. 
shape, and distribution of the pores basically 
depends on compaction pressure and powder 
characteristics. Green density of a compact 
determines its green strength and strongly 
influences sintered density and strength. 
Following compaction, green compacts 
are sintered to boost their strength through 
neck formation and growth and to develop. 
the desired microstructure and resulting 
properties. Sintering parameters such as 
temperature, atmosphere, dew point. and 
sintering time control the strength level and 
composition. Oxidation of porous materials 
may occur during sintering. Pores open to 
the atmosphere normally have solid oxide 








films on their surfaces, which may lead to 


greater abrasive wear of cutting tools (Ref 


28). Abrasive wear that occurs in turning 
porous iron materials when solid oxides are 
present at the tool/chip interface has been 
described (Ref 12). Oxide-reduced powders 
usually contain residual internal oxide inclu- 
sions, which. if sufficiently hard, can be det- 
rimental to machinability. Any variation in 
oxygen, nitrogen, or carbon content during 
sintering may influence machinability. In- 
creases in the nitrogen and carbon content in 
type 3041. P/M material during sintering have 
resulted in reduced tool life (Ref 1). 


Effects of Compo: 

Material composition is an important fac- 
tor in P/M machining. A lamellar pearlite 
structure is preferred for sintered steels 
(Ref 29). Higher carbon has been reported 
to cause an increase in cutting forces in 
drilling different types of carbon steels (Ref. 





Table 5 Properties, sintering performance, and chemical composition of 
MP 36S and MP 37 transverse rupture bars 








Transverse ‘Chemical composition 

rupture strength Dimensional chaagé after sintering, % 

Mixta) Gradetb) MPa ksi Hardness. HRB (length), * c s 
Wochen MP 37 645 95 60 0.04 0.678 0214 
МР 365 380 55 55 0.37 0.696 0.361 
Вун МР 37 935 135 80 0.20 0.699. 0210 
MP 368 710 n2 79 0.64 0718 0.367 


(a) Mix А contained 98.0% powder. 12 zinc stearate, and 1.067 graphite: mix B contained 96.0% powder, 1.06 zinc stearate. 1.0% 
graphite. and 2.067. Cu. (b) Both MP 36S and MP 37 compositions included 0.02% P. 


30, 31). Carbon content in the range of 0.1 
to 0.3% was recommended for good ma- 
chinability. The addition of graphite low- 
ered cutting forces in turning (Ref 6). In 
general. forces decrease with additions of 
up to 0.3% C in an iron-base material. 

Sulfur Additions. Sulfur is an additive 
that is commonly used to enhance machin- 
ability. Longer tool life and better machin- 
ability can be obtained in both turning and 
drilling operations by adding sulfur to 
sponge and atomized iron. The presence of 
sulfur inclusions causes the material matrix 
to deform тоге easily, facilitating crack 
propagation and reducing cutting forces. 
The addition of sulfur in the range of 0.25 to 
.5% to an iron powder reduced cutting 
forces in turning (Ref 32). A reduction of 12 
to 20% in thrust force and improved surface 
finish were observed during drilling 90% 
dense iron when sulfur in the range of 0.25 
to 0.5% was added (Ref 7, 32). The addition 
of 0.15 to 0.25% sulfur into sponge iron 
powder enhanced machinability (Ref 33). 
Sulfur in the range of 0.3 to 0.6% was found 
to improve tool life and surface finish by as 
much as 25% in the turning of 74 to 80% 
dense sponge iron that also contained car- 
bon and copper (Ref 25, 26). 

Manganese Sulfide Powder Additions. 
Manganese sulfide has been used with suc- 
cess as an addition in the form of a finer 
powder to promote machinability (Ref 34). 
Iron powders prealloyed with manganese sul- 
fide, such as MP 37. and MP 36S, are com- 
monly used in free-machining steels. One of 
the newer grades, MP 37, was suggested by 
practice in making free-machining low-carbon 
grades of steel by ingot metallurgy. The 
wrought steels typically contain 1.2% Mn and 
have a manganese to sulfur ratio of 3.0:4.0. 
Until recently, the Mn/S ratios used in mak- 
ing commercial iron powders have been much 
lower. MP 37 contains primarily iron, and 
0.004% С. 0.35% О, 0.236% S. 0.02% P, 
0.94% Mn, and 0.06% Si. By comparison, MP 
36S contains iron and 0.019% C, 0.15% O, 
0.380% S, 0.38% Mn, 0.02% P, and 0.16% Si. 
The purpose of a higher Mn/S ratio is to 
ensure that all sulfur present is in the form of 
MnS inclusions. These inclusions impart sig- 
nificant gains in machinability and the physi- 
cal properties of P/M parts. In addition, size 
changes (growth) that take place in parts 
during sintering are reduced (Table 5). 

In one machinability study, the perfor- 
mance of MP 37 was compared with that of 
an iron-base powder, MP 35 (0.01% C, 
0.25% О, 0.02% S, 0.35% Mn. 0.12% Si, 
with the remainder being iron). Two differ- 
ent mixes were used: 























Constituent Pavder mix A, % — Powder mix В, % 
Powder 98.0. 96.0 
Lubricant m го 10 
Graphite » 10 10 
Copper ЕТО 0 20 











Table 6 Time required to drill 25 
holes, and the number of holes 
drilled before drill failure 














Time. s 
Mix B— 
tise number) pst wes) pat Мем 
1 um 92 67 149 
2 63 ES 167 
3 70 102 86 138 
4 .70 M2 BS 184 
[inn 67 . RR 187 
[n eee 66 WLI в6 XI 
7, 76 M9 8&7 22 
8 78 n0 94 207 
Virion a Be 08 НА 
10тан Rt 1337. 97 173 
M series к 142. 87 161 
Ig s 8.5 147 93 16.5 
IBuiteresiews AS 157 95 162 
14 164 9.8 16.9 
15:54 166 99 17.6 
16. 120 94 191 
17 16.2 101 202 
18 15.3 10.8 — Failed 
» 153 0112 
E ISS 109 
i63 ILS 
174 gn 
16.5 127 
10 123 
Failed 12.2 
Ауегаде)........... ка м2 99 177 
Failure hole number ..82 2s 2 18 
(u) Holes were 6.39 min 40.28 io.) in diameter by 25 mm (1 an.) 





Machinability specimens were disks 100 
mm (4 in.) in diameter and 25 mm (1 in.) 
thick. They had been pressed to a density 
of 6.60 gem’ + 0.10 g/cm’. Sintering 
duration was 20 min іп a nitrogen-base 
atmosphere at a temperature of 1120 °C 
(2050 °F), using a commercial production 
line. 





100 pm 
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Table 7 Percentage of inclusions 
by type in MP 36 and MP 37 


MP 36, = МРЭ7, % 











43 
29 
14 
MnO + SiO, + S (weak) 18 
MnO + SiO; (weak) .. 15 14 


MnO + S + Si tweak) 
FeS.. 








Performance was determined by the time 
required to drill holes through the disks. 
The high-speed drills used were 6.35 mm 
(0.25 in.) in diameter and were operated at a 
spindle speed of 2300 rev/min and a con- 
stant drill point loading of 70 kgf (154 Ibf). 
Table 6 gives the time required to drill 25 
holes and the hole number at which a drill 
failed for mixes A and B of MP 35 and MP 
37. The MnS-containing powders (MP 37) 
exhibited much better machinability than 
did the lower sulfur content MP 35 powder. 

A scanning clectron microscope (SEM) 
was used to characterize inclusions in sam- 
ples of MP 37 sintered to a density of 6.8 g/ 
ст?. A specimen of MP 36 (0.01% C, 0.25% 
O, 0.0296 S, 0.35% Mn, 0.12% Si) prepared 
under the same conditions was also ana- 
lyzed. Inclusions in MP 36 and MP 37 
rupture bars arc characterized in Table 7. 

MP 36 contained a larger amount of sili- 
cate inclusions, which can be explained by 
the larger silicon content of that grade com- 
pared with that of MP 37. Hard silicate 
inclusions tend to degrade the machinability 
of MP 36. On the other hand, MP 37 con- 
tained mainly MnS and manganese oxide 
(MnFeO and MnFeO weak inclusions). 





" = = 


Fig. 6 Comparative number of inclusions in (a) МР 36 ond (b) МР 37 


Manganese sulfide has been known for 
some time to improve machinability, and a 
number of mechanisms have been suggest- 
ed to explain its effect (Ref 35). It has also 
been suggested that manganese oxide inclu- 
sions improve machinability by reducing 
cutting forces (Ref 36). 

Although the volume fraction of inclu- 
sions was not determined quantitatively be- 
cause of the large number of pores near 
inclusions, the number of inclusions can be 
qualitatively estimated by comparing the 
SEM micrographs in Fig. 6. 

Clearly, MP 37 contained a much larger 
number of inclusions than did MP 36. In MP 
37, inclusions were mainly MnS and man- 
ganese oxides, and their larger numbers 
could be expected to reduce forces further 
during machining and favor the formation of 
discontinuous chips. Finally, MP 37 con- 
tained some large aggregates of inclusions 
(10 pm), which also would contribute to 
improved machinability (Ref 37). 

Bismuth and Lead Additions. Bismuth 
has been shown to improve machinability. 
Additions of 0.5 to 296 reduce drilling thrust 
by 25 to 50% in working with 90% dense 
carbon steel (Ref 13, 30, 31). The machin- 
ability of P/M carbon steel was improved by 
adding up to 2% Pb; additions of 0.5 to 2% 
Pb reduced drilling thrust by 25 to 50%. 
However, even such small amounts of lead 
can lower mechanical properties. 

Selenium and Tellurium Additions. The 
addition of 0.15 to 0.25% Se and 0.05 to 
0.25% Te into a sponge iron powder en- 
hanced machinability (Ref 33). In compar- 
ing sulfur, selenium, and tellurium addi- 
tions, tellurium was found to be the most 
effective, while sulfur was the least effec- 
tive. With additions of sclenium of up to 
1.5%, thrust and torque decreased in drill- 
ing 304L and 303 stainless steels (Ref 38). 
"The presence of these additives resulted in 
some reduction in mechanical properties 
and in part dimensions during sintering. 

Copper in an iron matrix may improve 
machinability. Metal deformation is im- 
proved, and thermal conductivity of the 
matrix is increased. An addition of 2 to 3% 
Cu reduced drilling thrust by 13%, while 
additions of copper up to 1% effectively 
reduced drill wear (Ref 39). 

Generally, additives contribute to lower 
cutting forces, longer tool life, and better 
surface finish. Alloying elements form in- 
clusions that reduce friction at the tool/chip 
interface, reducing tool wear and built-up 
edge formation during cutting. There is also 
a tendency for chips to break more readily. 


Machining Variables 

Wrought materials have been studied 
much more extensively than P/M materials 
in terms of the influence of machining var- 
iables on machinability. However, it is 
known that an increase in feed rate or depth 
of cut results in greater cutting forces (Ref 














886 / Machining of Specific Metals and Alloys 


12, 19). One study shows that the rate of 
increase in cutting force decreased at higher 
relative densities on the order of 80 to 90% 
(Ref 12). A reduction in cutting force with 
faster cutting speed was observed for a P/M 
stainless steel; this is similar to the behavior 
of wrought materials (Ref 40). Drill life and 
torque decreased with increasing cutting 
speeds during the drilling of 304L and 303 
stainless steels (Ref 38. 41). A gain in the 
cutting force was observed in the drilling of 
316L P/M materials when feed rates were 
increased and cutting speeds were de- 
creased (Ref 40). 

Cutting tool wear rate is influenced by the 
cutting speed and feed rate. Wear was ob- 
served to be significantly greater with in- 
creasing feed rates in the drilling of 77 to 
90% dense iron (Ref 27). Surprisingly, a 
significant decline in wear rate occurred 
with higher cutting speeds in the turning of 
80% dense AISI-SAE 1045 мес! (Ret 42). 
This was explained in terms of greater 
workpiece material densification in front of 
the tool. On the other hand. tool life 
dropped drastically with increasing cutting 
specd in the turning and drilling of steel and 
stainless steel P/M materials (Ref 27, 43, 
44). 

Machining variables strongly influence 
surface quality. In one study. roughness 
increased with feed rate while turning 8476 
dense iron material (Ref 27). The influence 
of speed and feed on the surface roughness 
of iron and copper P/M bushings at different 
density levels has been studied (Ref 45). 
Surface quality improved with increasing 
speed, while it deteriorated with higher feed 
rates. Surface quality of machined P/M ma- 
terials can be very important when surface 
porosity must be retained so that there is no 
loss in capillary action. Other important 
factors are inclusions at the pore surface 
and the characteristics of fluids that may be 
used during cutting. Cutting tools should be 
in good condition, and a cutting fluid or low 
pressure air should be used to cool tools and 
clear chips. 

Tool geometry affects machining in a way 
that differs from that of wrought materials. 
In one study, drills of slightly different point 
geometry produced different thrust and 
torque response curves (Ref 24). Two drills 
were tested, one with a 148^ chisel edge 
angle, the other with a 128° angle. The life of 
the latter drill was longer than that of the 
former. A higher rake angle can result in 
lower cutting forces in turning. Chips gen- 
erated in tests were shaped like commas 
(Ref 27). 

Low helix angle drills are not recom- 
mended for softer P/M materials because of 
their poor chip ejection characteristics (Ref 
27). Drills with 40° helix angles had twice 
the tool life of those with 30° helix angles in 
work performed with soft P/M materials. 

In some cases, cutting fluids are not al- 
lowed because they are absorbed into pores 












Table 8 Results for selected sintering times of disks 























— — Drilling time, s— = | 
16 min sinter — 31 min sinter Full sinter — 
Hoe number Voc wl Гос wl мю мез! 
1 371 5.04 59 9,2 
2 4.06 6.89 63 107 
3 4.29 7.17 70 102 
4 4.12 7.86 70 "2 
See 431 7.46 67 ш 
6.. 4.56 778 6.6 113 
7 457 8.15 76 n 
Re 4.58 8.38 78 no 
9.; 4.70 779 A2 13.6 
10 4.73 774 8.1 137 
I 4.67 7.63 ка 14.2 
12. 471 7.86 8.5 14.7 
B 4n 728 B.S 157 
14 478 73 8.5 164 
15 474 12 90 16.6 
16 479 LB 92 17.0 
17 ал In 92 16.2 
IR. 4.86 7.96 93 15,3 
19. 4.89 8.07 11.5 153 
20 4.89 8.08 83 15.8 
HI 4.81 8.40 к! 16.3 
2 4.87 8.88 82 174 
E 4.85 8.210) 78 16.5 
E 448 825 83 18.0 
25 4.90 829 ва 18да) 
4.612 772% 5.868 8.10 14.41 
115.3 193.1 146.7 202.4 360.3 





Note: Underlined values were extrapolated. ta) Drill seized at this hole 


OC. outer circle: IC, inner circle. 





and could be detrimental to the perfor- 
mance of the part. Ceramic and silicon 
nitride cutting tools that operate without 
cutting fluids may improve m: ability. 

Finally. it is important to optimize cutting 
conditions, tool geometry, and tool material 
for specific P/M materials. Available ma- 
chining data for corresponding wrought ma- 
terials may be used as a starting point if 
better data are not available. 








Properties Versus Machinability 

The relationship between properties and 
machining performance was investigated on 
specimens sintered at increasing time-tem- 
perature settings to obtain a progression of 
properties on the same base material. As 
described earlier in this article, MP 37 is a 
prealloyed MnS iron powder offering im- 
proved machinability. A conventional iron 
powder, MP 35, was used for comparative 
purposes. Machinability indexes were cs- 
tablished by analyzing data obtained in drill- 
ing tests. Properties investigated were 
transverse rupture strength, — tensile 
strength, and dimensional change in sinter- 
ing. Optical and scanning clectron micro- 
scope (SEM) techniques were used to ana- 
lyze sulfur and manganese-containing 
inclusions. 

A major finding during these tests was 
that strength and hardness progression dur- 
ing the sintering of a given material is ac- 
companied by increasing difficulty in ma- 
chining MP 35 and MP 37, in terms of 
drilling time and tool wear. In evaluating the 











machinability of a sintered material, 
strength and hardness levels are essential 
considerations, especially when a compari- 
son of different material conditions, such as 
density and chemical composition, is neces- 
sary. 

Also, in metallographic analysis of inclu- 
sions within solid particles, it was found 
that most of them were of the MnS type. 
This means that MnS, with its good tool 
lubrication properties, is found well dis- 
persed in the metal matrix, rather than 
being concentrated in pores. The result 
helps to explain the outstanding machinabil- 
ity of MP 37. 

Test Details. Most of the trials were with 
MP 37 blended with 0.75% Acrawax and 
graphite as required to obtain about 0.8% 
combined carbon. The Mn/S ratio was 4.5: 
1. 

Three types of specimens were used: 
disks 100 mm (4 in.) in diameter and 25 mm 
(1 in.) thick molded to a green density of 6.6 
+ 0.05 g/cm’, transverse rupture bars (TRS) 
6.35 mm (0.250 in.) thick, and dogbone 
tensile bars 3.5 mm (0.140 in.) thick. 

Disks were sintered at seven different 
times: 6, 11, 16, 21, 26, 31, and 51 min in the 
hot zone, with 31 min regarded as repre- 
sentative of production practice, and 51 
minutes regarded as longer than average 
practice. The thinner bars were in the hot 
zone at different times: TRS, 3, 6, 11, 14, 
17, 23, 26. 29. and 60 min; tensile, 6, 14, 23, 
and 29 min. Results in selected sintering 
times are shown in Table 8. 
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The drill press used included a simple 
pulley-and-weight system to obtain a force 
of 70 kgf (154 Ibf), measured at the drill 
point, Drilling was at 2300 rev/min. A com- 
mercial high-speed steel drill 6.35 mm 
(0.250 in.) in diameter was used. In machin- 
ing conventional iron powder without sul- 
fide additions, such a drill will fail in 25 or 
less holes (see Table 6). Drilling times were 
recorded to the nearest hundredth of a 
second. 

Two series of 25 holes each were drilled 
around the circumference of each disk, with 
one series located about 3 to 5 mm (‘4 to Vie 
in.) from the outside diameter (outer-circle 
values), and the second series (inner-circle 
values) about 5 mm (Mo in.) inside the first 
series. Generally. inside holes were drilled 
faster and with less drill wear than the outer 
holes. 





Results. In Fig. 7, three sets of data are 
plotted using the same scale. They show 
drilling time progression for disks sintered 
at 6, 11, and 16 min. Outer-circle and inner- 
circle data are plotted separately. In the 
case of the 6 min sintering, only the outer 
circle was drilled. on the assumption that 
the inner part of the slug was not subjected 
to appreciable sintering action. The follow- 
ing trends are evident in Fig. 7: 





€ A shift toward longer drilling times with 
increasing number of holes drilled very 
evident 

* An increase in the incline of each series 
of plotted data points 

* Curves representing inner-circle holes 
laying below the ones representing outer- 
circle holes, but the separation narrowing 
as the sintering progresses 
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Fig. 8 Comparison of results in drilling tests for materials sintered for 26 and 51 min (full sinter) 





Table 9 Selected machinability 
indexes 








Constant x-coefficient Total time 
сина С ^ (25 holes), s 
Pannen doe 1.7219 0.0026 43.9 
nas dft 2.5819 0.0015 64.5 
u м ос 3.0871 00202 84.1 
16 series Ic 4.1985 00318 115.3 
16.. oc 4.6578 0.0372 128,5 
2 IC 4.6558 0.0612 1357 
bee oc 5.1971 — 0,0485 145.0 
26 Ic 5.0772 0.0723 149.7 
26.. OC 4.8002 0.0882 148.3 
3 Ic 4.8371 00796 146.7 
31 oc 7.3084 0.0394 193.1 
51 ale 5.9026 0.1097 182.0 
si Ос 5.1451 0.1603 180.4 
FS(b) MP37 6.763) 0.1025 2024 
FS... MP 35 10.0501 — 0.3358 360.3 


ta) OC, outer circle: IC. inner circle, (b) FS, full sinter 





It should also be pointed out that a typical 
diagram comparing tool wear and cutting 
time shows an initially fast wear stage, 
followed by an almost stationary wear stage 
and then by a steep, short, final wear stage, 
which immediately precedes drill failure 
(Ref 41). 

Results in drilling P/M materials after 
they have been sintered for 26 and 51 min 
are shown in Fig. 8. Under the testing 
conditions used, 51 min in this instance, is 
representative of a full sinter. The evolution 
of drilling performance with increasing sin- 
tering times is indicated by the numerical 
values for three leading machinability pa- 
rameters given in Table 9. The constant C, 
representing the y-axis intercept, was cho- 
sen as a measure of what has sometimes 
been called cuttability of the material. This 
quantity is free from the influence of drill 
wear and represents a measure of the inher- 
ent resistance of the material to drilling. 

The second parameter selected was the 
x-coefficient. This quantity is associated 
with the ability of the material to wear, or 
otherwise degrade, the drill bit; the steeper 
the slope, the faster is the wear rate of the 
tool. This coefficient represents a measure 
of wearability. 

A more elementary parameter was select- 
ed to represent the cumulative effect of both 
the basic resistance and the wearing capa- 
bility of each material: total time required to 
drill the 25 holes in each series. 

Calculated values for the indexes are 
shown in Table 9. A mathematical progre: 
sion of the indexes with increasing sintering 
time was not attempted, but the pattern 
clearly shows parabolic behavior with a fast 
initial climb and a subsequent flattening 
with longer sintering times. 

The seven disks used for the 25-hole tests 
were analyzed for basic chemical properties, 
tested for surface hardness, and measured for 
outside-diameter (OD) dimensional change. 

Carbon, sulfur, and oxygen content were 
analyzed from drillings of the first 1 mm 
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Table 10 Influence of sintering time on hardness of drilled P/M disks 
Г euin ите 26 min 51 min 

Specimen ^ в л в ^ AB 
1 =19 3 s в 3 s SS 4 м м з 
К -18 Bos s м $9? Y м S 9 ы 59 
dis -17 м ss o 56 56 89 в 5 8 е ж 
4 -18 о s 5 3 в ж ә ы эз ы е 
ca -17 » з з Ns S ж 59 6 s 6 63 
К» -16 чә з vy Ww $9 ы 6 е e а 
7 -18 зя 30 55 55 ж ә з ы е e 
8. -16 -i8 мо о «x 5 S 9 з ә зе а 
Ахегаре -6 -9 3 зз 9g 47 s s в % S) в 60 € 
Center . чє -7 Mw п о а S9 S 5$ s S % зэ 6G е 





Note! Face A columns start ut top of disk und proceed clockwise at 45° increments. Face B wus run counterclockwise so that the points 


lie opposite those on face 





Table 11 Average material properties of P/M disks 

















See also Fig. 9. 

Sintering Wardnes. Dimensional Curbon content, “e Sulfur content, % ‘Oxygen content, % 

time, min HRB change, % Core Surface Core Surface Сот Surface 
+ 0.26 1.007 1.007 0.204 0.204 0.40 0.40 

120 0.38 0949 0948 0191 0174 бк 0.46 

33.0 0.54 0928 0.889 0.185 0.175 : 2D 
50.5 0.55 оз 0? 0188 04180 < 
55.0 0.55 032 0770 оз 0з 032 0.34 
57.0 0.44 0,823 0.746. 0.178 0.176 
59.0 0.40 олкә 0746 0181 — OIM ne : 
61.5 0.33 074 — 008 0178 0174 038 030 

ta) Green (unsintered) condition 

(0.04 in.) layer of both circular faces as well intermediate sintering times (Fig. 9b). Sul- 


as from deeper drillings. The results were 
considered separately as representative of 
surface and core values. Hardness was 
measured by direct Rockwell testing on 
both circular faces of each disk. Results and 
comments are reported in Table 10. Dimen- 
sional change from OD die size was ob- 
tained by measuring minimum and maxi- 
mum diameters at the two ends of the disk. 
Green (unsintered) values were considered 
as zero sintering. Average material proper- 
ties are summarized in Table 11. 

To illustrate the change in properties with 
increasing sintering time, three graphs were 
obtained from Table 11. They are repro- 
duced in Fig. 9. Surface hardness averages 
follow a regular progression (Fig. 9a). Car- 
bon follows an expected decreasing pattern 
from the initial value of 1.007; the loss was 
more pronounced on the surface for the 





fur shows a remarkable stability, with a 
final loss of 15% at the surface, where the 
atmosphere is active, and 13% at the core 
(Fig. 9c). The graph also indicates that 
desulfurization takes place mostly at the 
initial stage of sintering. 

Transverse rupture and tensile bars were 
also produced from the same batch of pow- 
der mix used for the disks. They had a green 
density of 6.6 g/cm*. Dimensional change 
from die size was measured, and six hard- 
ness HRB readings were taken on both 
major faces of the transverse rupture bars; 
then all bars were tested for rupture 
strength. Ultimate tensile strength, yield 
strength at 2% offset, and elongation were 
measured on the dogbone bars. Average 
prope are given in Table 12. Data show 
that dimensional change shifted steadily 
toward smaller values as sintering pro- 





pressed; the zero time value was measured 
on green bars. Hardness developed in the 
early states of sintering, while strength 
characteristics progressed more slowly. 

Metallography. Intermetallic — bonds 
made by cold welding during compaction 
are perfected and enlarged in sintering. Pho- 
tographs of an unsintered part show thin 
gray or black lines between particles. As 
sintering proceeds, original particle bound- 
aries disappear. 

Carbon diffusion occurs very rapidly in 
the base iron used. After 3 min in the hot 
zone set at 1120 °C (2050 °F), a transverse 
rupture bar shows no evidence of pearlite, 
that is, carbon in solution. After 6 min in the 
hot zone, however, the structure shows all 
of the carbon in solution, with 100% of the 
area being pearlite. 

The morphology of the MnS inclusion 
changes only slightly with sintering time. 
Figure 10 shows the transverse rupture bar 
sintered for 3 min. Particle boundaries are 
very clear, and admixed graphite flakes are 
still residing in the pores. Figure 11 is also 
from the 3 min sinter of the transverse 
rupture bar; it shows some of the MnS 
inclusions present in the spongy region of 
the iron. After 29 min in the hot zone, which 
would be at least average or typical for a 
ferrous sinter, MnS inclusions were still 
present within particles and also between 
particles (Fig. 12). 

Correlations. Data for both hardness and 
drilling time show a rate of increase in value 
that tends to be faster at the initial stage of 
sintering. However, the hardness increases 
at a higher rate than the drilling time. At 21 
min of sintering, for instance, the HRB 
reading had reached 90% of the final value, 
while the drilling time had increased to only 
77% of the final value. Therefore, the cor- 
relation of HRB to drilling time appears to 
be well defined but not linear (Fig. 13). 

Apparent hardness in a P/M material 
based on iron and graphite mixes compact- 
ed to a given density depends primarily on 
the diffusion of carbon, which takes place in 
the very early stages of sintering. Converse- 
ly, the developing of sintered bonds, which 
has a less pronounced effect on hardness, 
appears to have a major influence on drilling 
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Fig. 9 Effect of sintering time on (o) disk hardness, (b) carbon content, and (c) sulfur content 
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i Unetched transverse rupture bar sintered 
Fig. ТО (23min inthe hot zone at 1120 € (2050 
°F). Arrow P shows a particle boundary. Arrow | shows 
MnS inclusion formed inside iron particle, Arrow G-G 
shows graphite flakes still present in the pores. 575% 


time. Bond development, as shown by the 
metallographic analysis. progresses at a 
slower rate than that of carbon diffusion. 

In conclusion, it can be stated that hard- 
ness is not the only characteristic, and in 
many instances not even the leading one, 
affecting machinability. A numerical corre- 
lation between strength and machinability 
could not be established directly because of 
the different sintering conditions existing 
between the massive disks and the much 
smaller bars. However, by correlating 
transverse rupture bars to drilling time us- 
ing a metallographic method for comparing 
degree of sintering. it was still possible to 
obtain a valid description of the effect of the 
increasing strength on machinability. The 
correlation is illustrated in Table 13. Ma- 
chinability parameters are compared in Ta- 
ble 14. 








Updated practices for ten methods of 
machining (turning and boring, milling. 
drilling, grinding, reaming, burnishing, tap- 
ping, and honing and lapping) follow. 

Turning and Boring. Coated or uncoated 
carbides, cermets, and ceramics are gener- 
ally used for turning and boring tools. For 
interrupted cuts, carbides are preferred to 





Fig. 11 Another view of the transverse rupture bor 

g. shown in Fig. 10. Arrow P shows a porti- 
de boundary. Arrow | shows MnS inclusions formed 
inside iron particles. Arrow S-S shows some MnS-like 
inclusion between original particles. 575% 


prevent chipping of the insert. In cases in 
which the preservation of surface porosity 
is vital, CBN inserts are used, especially 
with low-porosity materials. Cutting speeds 
in the range of 250 to 2000 m/min (820 to 
6500 sfm), feed rates in the range of 0.050 to 
0.075 mm/rev (0.002 to 0.003 іп./геу), and 
depths of cut in the range of 0.13 to 0.40 mm 
(0.005 to 0.015 in.) may be used with alloy 
steels with hardnesses in the range of 50 to 
400 HB; usually, it is preferable to decrease 
the cutting speed to below 1000 m/min (3280 
sfm) when the hardness is above 250 HB. 
These conditions are suitable for hot- 
pressed or cold-pressed ceramic tools. In 
cases in which uncoated carbide tools are 
used, cutting speeds should be less than 190 
m/min (625 sfm) for machining most ferrous 
or nonferrous alloy: 

Milling. Slot and side milling cutters are 
often used for machining P/M materials. 
Speeds of 70 to 100 m/min (230 to 330 sfm), 
feed rates of 0.005 to 0.1 mm (0.0002 to 
0.004 in.) per tooth, and depths of cut of 
0.13 to 0.4 mm (0.005 to 0.015 in.) are 
recommended in machining ferrous and 
nonferrous alloys with uncoated carbides. 
Higher speeds and feeds should be used in 
machining aluminum. Aluminum P/M alloys 
have better chip characteristics than their 
wrought counterparts. Chips are much 




















Table 12 Average properties of tensile test bars 
Transverse 

rupture Ultimate tensile Vieh strength 
Sintering Dimensional Hardness, strength strength at 2% offset Барма, 
time, min change, % HRB MPa ki м» ш MPa ki * 
3 =19 no 160 m ce : 
йс : ө 507 BS 157 199 134 194 15 
linisan ve DAE 67 5065 юз o- оо 
M. 024 68 650 943 236 mo 307 23 
| сенел sence 7^: 68 6M 920 fen x 
n 0.18 69 667 — 968 20 
26 016 69 ыз 936 с n 
грне 17: 70 667 968 257 20 
60... 006 n2 oR 984 0 : 





i Uneiched transverse rupture bor sintered 
Fig. 12 for 29 min in the hot zone at 1120 °C 
(2050 °F). Arrow P shows а particle boundary short 
segment. Arrow | shows MnS inclusions formed inside iron 
particles. Arrow S-S shows MnS inclusions in the spongy 
region between particles. MnS has not changed much 
in oppearance from that in the 3 min sinter (see Fig. 10 
and 11). 


smaller and are broken more easily, with 
little or no stringer buildup (Fig. 14). 

In face milling with uncoated carbides, 
cutting speeds of 90 to 120 m/min (295 to 395 
sfm), feed rates of 0.05 to 0.15 mm (0.002 to 
0.006 in.) per tooth, and depths of cut of 
0.12 to 0.4 mm (0.005 to 0.015 in.) are 
recommended for carbon and alloy steels 
and stainless steels; however, nonferrous 
materials may be cut at speeds up to 170 m/ 
min (560 sfm) and feed rates as high as 0.1 
mm (0.004 in.) per tooth, 

Speeds of 25 to 50 m/min (80 to 165 sfm) 
are used in machining P/M iron. steel, stain- 
less steel, copper. and brass with high- 
speed end mills. On the other hand, cutting 
speeds in the range of 100 to 200 m/min (330 
to 655 sfm) are recommended in machining 
soft iron, steels, and aluminum with carbide 
tools. With harder steels, stainless steels, 
copper, and brass, speeds should be low- 
ered to the range of 60 to 100 m/min (195 to 
330 sfm). 

Drilling. Large amounts of coolant are 
required in drilling medium-density or low- 
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Table 13 Correlation of strength to P/M machinability 











Transverse rupture. 
Drilling time ‘strength 
Degree of sintering(a) ос, sib) MPa = 
—Á] по 16.0 
22 449 S Le 
= (64.0) 507 BS 
84.1 * wet 
coo MAS ^» 
(136.8) 596 56.4 
eee 145.0 ++ жее 
148.3 e De 26 : 
(149.0) 650 943 4 
149.7(с) E Es з % 
. 180.4 667 96.8 51 29 





Note: Parenthetical values are linear interpretations from adjacent values. 


Average value 


(a) Arbitrary scale. (b) OC, outside circle of drilled holes. (c) 





Table 14 Comparison of P/M machinability parameters 











Index of machinability E 

Drill time Constant  x-coefMicient Fallure Density, Hardness, strength 
Powder grade (25 holes), s с ^ at hole gem? HRB MPa ksi 
MP 35(a) ...... 360.4 10.0501 0.3358 25 67 7i $8 766 
MP 37а). s. 202.4 6.7630 0.1025 82 67 70 64 — 963 
МР 3706) „#112 5.5238 0.1350 »83c) 66 70 667 968 





(a) Fully sintered, (b) Average values of inner and outer circles from disk sintered for 51 min. (c) Obtained by averaging 73, 6. and 


greater than 90 





density materials; coolant should operate 
effectively at the drilling point to reduce 
abrasive wear due to powder particles at the 
bottom of the hole. A single-nozzle coolant 
system does not work properly because 
small or powdered chips do not easily exit 
through the drill flutes. A ring design sys- 
tem, however, is effective in eliminating the 
chip-clogging problem. Oil hole drills are 
the most effective means for removing chips 
from the cutting zone, 

Cutting speeds of up to 25 m/min (80 sfm) 
and feed rates up to 0.25 mm/rev (0.010 in./ 
rev) are recommended for high-speed steel 
drills. Cutting speed and feed rate could be 
as high as 120 m/min (390 sfm) and 0.5 mm/ 
rev (0.02 in./rev), respectively, when solid- 
carbide or carbide-tipped drills are used. 
Carbide indexable drills are efficient be- 
cause margins are eliminated. Abrasive 
margin wear and the welding of powder 
chips are also eliminated. 

Holes in planes beyond the capability of the 
P/M process are best made by drilling when 
parts are in the presintered (partially sintered) 
state. In this state, drilling properties are 
similar to those of cast iron. If it is necessary 
to qualify the position and size of holes after 
final sintering, a carbide reamer or carbide- 
tipped reamer, should be used. Roller bur- 
nishing may be used to meet accuracy and 
surface finish requirements. Any size change 
in the operation is related to the preburnished 
surface finish and the size of the hole. A 
change of 0.019 to 0.025 mm (0.00075 to 0.001 
in.) in diameter is representative for a hole 
about 25 mm (1 in.) in diameter. 


A number of studies have been performed 
to determine ways of enhancing drill life 
during P/M machining (Ref 43, 45-50). The 
following example documents the effects of 
work hardening of P/M parts on drill life. 

Example 1: Influence of Work Harden- 
ing on Drilling P/M Types 304L. The drill- 
ability of 304L stainless steel was investi- 
gated at different levels of porosity (Ref 43). 
The major finding was that 70% dense ma- 
terial caused much higher wear rates than 
the 90% dense material, a conclusion that 
runs counter to the general notion that 
higher porosity promotes machinability. 
However, there is an explanation. By mea- 
suring microhardness in the fully dense re- 
gion at the hole bottom below the tip of the 
drill, researchers noted that the low-density 
material hardens to 490 HK, while 90% 
dense material hardens only to 300 HK. 
Because the drill is always cutting through 
the almost fully dense work-hardened ma- 
terial, drill life is determined by the hard- 
ness of the workpiece. It appears that the 
low-density material work hardens more 
when compressed to full density than does 
the 90% dense material. There was no evi- 
dence of cracking, chipping, or fatiguing of 
the tip of the drill, counter to the idea that 
the drill edge fails by fatiguing from inter- 
rupted contact inherent to porosity. 

Grinding of P/M parts can be very com- 
plex, especially when materials are low in 
density because in many cases preservation 
of surface integrity is essential. Usually, 
surface porosity decreases during grinding. 
A large amount of the generated powder 











Comparison of machining chips from a 
PIM aluminum alloy (left) and о conven- 


Fig. 14 
tionally processed, wrought aluminum alloy. Courtesy of 
Aluminum Company of America 


chips is forced into pores and many chips 
are welded due to the high temperature at 
the wheel/workpiece interface. When grind- 
ing is necessary to achieve dimensional func- 
tionality of a part, and surface porosity needs 
to be preserved, special processes such as 
ultrasonic or solvent cleaning are applied im- 
mediately after grinding. For rough applica- 
tions, a downfeed of 0.025 to 0.075 mm 
(0.0010 to 0.003 in.) is recommended, while 
for finish passes, a maximum of 0.013 mm 
(0.0005 in.) should be used. 

Stock removal rates should be either the 
same as or less than those used in finish 
turning of cast iron; wheels should be sim- 
ilar. It is important to keep a plentiful sup- 
ply of coolant (containing an inhibitor) di- 
rected onto the wheel and the work to 
maintain a clean grinding wheel contact. 

Reaming. To control bore accuracy in 
powder metallurgy parts. reaming is some- 
times used instead of pin sizing, ball sizing. 
or burnishing. Standard reamers are satis- 
factory; left-hand spiral reamers have also 
proved successful. The cutting edges should 
have the best possible finish to minimize 
edge buildup, which results in oversize 
holes. If the surface finish of the hole is not 
a factor, the drill should leave a reaming 
allowance, the amount depending on hole 
size. Guidelines can be used: 














Hole diameter Allowance 
- m || omm in, 
=65 0.25 -... 0,050 0.002 
65-125. 0254050. 0.050-0.10 0.002-0.004 
125-25 — 050410. .0.10-0.15.— 0.004-0.006 





If the surface finish is critical, reaming 
allowances should be doubled. When possi- 
ble, reamers should be used in floating 
holders and run at 7.5 to 15 m/min (25 to 50 
sfm). Recommended feeds are: 








— Hole diameter — — Feed — 
= w w- ^ mm 
=6.5 =02%..... .. 8.18 0.006 
8-125 0.30-0.50 ... 0.18 0.007 
14-19 0.55-0.75 .. ..0.25 0.01 
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Ball broach for burnishing bores in P/M 
parts. Dimensions given in inches 


15 


Burnishing. When the clearance between 
a shaft and a P/M bearing is +0.012 mm 
(+0.0005 in.) or less, burnishing the bearing 
bores after they have been installed in the 
housing is preferred for correcting the bore 
size. No more than 0.002 mm/mm (0.002 in./ 
in.) of diameter should be displaced. and the 
smallest amount of displacement that will 
produce the true diameter is desirable. The 
type of burnishing tool recommended for 
this operation is illustrated in Fig. 15. 

Given a finished bore diameter of 38 mm. 
+0.005 mm/—0.0000 mm (1.500 in.. 
10.0002 in./—0.0000 in.) (В in Fig. 15). the 
diameter of the starting end of the burnish- 
ing tool then becomes 38.10 mm, —0.050 
mm (1.5000 in., —0.0020 in.), or 38.05 mm 
(1.4980 in.). and bearings would be bored to 
38.075 mm, +0.0125 mm/—0.0000 mm 
(1.4990 in., +0.0005/—0.0000 in.). Thus, 
there would be a m um clearance of 
0.025 mm (0.001 in.) at the entering end of 
the tool, and the first land would be a 
line-to-line fit. The tool then becomes pro- 
gressively larger, and the bearing is expand- 
ed. If there were no springback, the opera- 
tion would be stopped at the fourth or fifth 
tool land. However, the bearing would or- 
dinarily be burnished to 0.010 mm (0.0004 
in.) oversize to allow for springback. 

Roller burnishing is a cold-working oper- 
ation that compresses metal rather than 
removes it. The technique is suitable for 
sintered (not heat-treated) powder metal 
materials for which maintenance of open 
surface porosity is not critical. A significant 
improvement in surface finish can be ob- 
tained using a roller burnishing tool. In 
addition, the tool is adjustable to match 
individual product specifications as well as 
to compensate for wear on the rolls and 
mandrel. Both through holes and blind 
holes can be roller burnished. Hole size 
tolerance depends on the input tolerance of 
the hole; that is, a prepared tolerance of 
0.050 mm (0.002 in.) can be reduced to 0.025 
mm (0.001 in.), or a +0.0025 mm (0.0001 
in.) tolerance can be held if the input toler- 
ance is 0.010 mm (0.0004 in.). Surface fin- 
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ishes of 0.25 wm (10 ріп.) are common after 
roller burnishing. A lightweight, low-viscos- 
ity lubricating oil is recommended for most 
P/M materials. 

Tapping. Conventional tap drill charts 
should be followed to maintain 65 to 75% 
depth of thread. Two-flute taps are recom- 
mended for diameters up to 8 mm (Yis in.). 
Three-flute taps should be used for diame- 
ters of 8 to 12.5 mm (Yi to I^ in.). Spiral- 
point taps are desirable because they throw 
the chip out instead of driving it into the 
pores of the workpiece. Some experiment- 
ing in tapping P/M parts may be required to 
determine which tap is best for a specific 
metal. 

Honing and Lapping. Holes requiring 
extreme accuracy can be honed or lapped 
by normal techniques if retention of poros- 
ity is not required. However, size control of 
holes in P/M parts can usually be obtained 
more economically by reaming or burnish- 
ing. 

High-density ferrous metal parts. espe- 
cially when hardened, have been suci 
fully honed and lapped using conventional 
procedures, 

Diamond- and CBN-plated bore finishing 
tools are recommended for precise hole size 
control. These tools can be 
dard drilling or honing machi 
on multiple-spindle or numeri 
trolled machines. The use of an adjustable 
sleeve attached to a mating tapered mandrel 
increases tool life. The selection of diamond 
grit size determines the metal removal rate 
and the surface achieved. The amount of 
material to be removed from the hole diam- 
eter can be determined by: 











Surface finish (start) — surface finish (after honing) 
100 000 


= Required stock removal 





If the existing finish is 1.25 ит (50 yin.) and 
the desired finish is 0.25 jum (10 pin.) then 
0.010 mm (0.0004 in.) should be removed 
from the hole diameter. 

Honing of infiltrated parts is seldom prac- 
tical, because the stones become loaded. 
Neither lapping nor honing is recommended 
for porous parts, because either of these 
processes will cause the pores to become 
filled with abrasive particles. For special 
applications that require the use of lapping 
or honing, ultrasonic or solvent cleaning 
should be performed following grinding. 
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Machining of Metal-Matrix Composites 
and Honeycomb Structures 


METAL-MATRIX COMPOSITES 
(MMC) consist of a metal base reinforced 
with one or more constituents (fibers, par- 
ticulates, whiskers) in continuous or dis- 
continuous form. In the case of the contin- 
uous fiber reinforced composites, the fiber 
is the dominating constituent, and the met 
al matrix serves as a vehicle for transmit- 
ting the load to the reinforcing fiber. Com- 
posites that incorporate discontinuous 
reinforcement are matrix dominated, form- 
ing a pseudo dispersion-hardened struc- 
ture. Optimum properties can be achieved 
in continuous fiber reinforced composites 
when the fibers are oriented in one direc- 
tion, yet this results in a highly anisotropic 
material. At best, planar isotropy can be 
achieved with continuous fiber reinforced 
composites. Composites reinforced with 
whiskers or particulates tend to be isotro- 
pic unless they arc given sufficient defor- 
mation processing to cause texturing 
(grain elongation in the metal matrix or 
whisker alignment). Typical microstruc- 
tures of MMCs are shown in Fig. 1. 

Metal-matrix composites are usually fab- 
ricated to near-net shape. They are subse- 
quently trimmed to net size or shape (re- 
quiring machining) and attached to an 
assembly by adhesive bonding, mechanical 
fasteners (requiring drilling), or welding. 
Because MMCs are made up of hard, abra- 
sive nonmetallic fibers or particles in a soft 
metal matrix, they present unusual machin- 
ing problems. Tool wear, for example, is 
much more severe than that encountered in 
machining the matrix metal alone. 

Honeycomb structures consist of a core 
formed into hexagonal-shaped cells (Fig. 2) 
bonded to facing materials to form a sand- 
wich panel (Fig. 3). These sandwich struc- 
tures have two types of cores: metallic 
(aluminum, corrosion-resistant steel, titani- 
um, or nickel-base alloys) and nonmetallic 
(aramid, fiberglass, or kraft paper). Facing 
materials are normally aluminum, fiber- 
glass, graphite, or aramid. Detailed infor- 
mation on the fabrication of honeycomb 
structures can be found in Composites, Vol- 
ume 1 of the Engineered Materials Hand- 
book. 
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Fig. 1 Ces ections of typical fiber-reinforced 
Ө. ! MCs. (а) Continuous fiber reinforced 
grophite/oluminum composites. (b) Discontinuous silicon 
carbide/aluminum composite. (c) Continuous-fiber silicon 
corbide/aluminum composite 





Fig. 2 Hexagonal cell honeycomb 


The machining of honeycombs is usually 
confined to the core structure. In fact, ma- 
chining is generally defined as custom shap- 
ing of the core to a specification. Shaping 
methods include perimeter trim, double- 
relief routing, machining of flat chamfers, 
and contouring. Band saws are used in 
cutoff operations. 


General Guidelines for 
Machining of MMCs 


Traditional solid tool methods of machin- 
ing (with special cutters) and nontraditional 
methods are in use for MMCs. In both 
cases, the nature of MMCs, principally their 
abrasiveness, must be taken into account. 
Tool materials, cutter shapes, speeds, and 
feeds are largely determined by the machin- 
ing properties of the reinforcing material. In 
addition, precautions must be taken to 
avoid damage to the workpiece during ma- 
chining (that is, delamination, fiber fraying, 
and drill breakthrough) and premature dull- 
ing of tools. Dust and excessive noise, 
caused mainly in cutting reinforcing fibers, 
are also problems in traditional machining, 
and machine tool contact can introduce 
stress into the workpiece. 

Nontraditional machining methods, such 
as abrasive waterjet and laser cutting, pro- 
vide some relief, but they too have inherent 
limitations. With the waterjet technique, for 
example, cutting is provided by a shearing 
force, which can initiate delamination in the 
machining of composites containing ceram- 
ic fibers. High-pressure water can penetrate 
the fiber/matrix interface and cause separa- 
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Fig. 4 Carbide router bit with diamond-shaped chisel cut 


tion. In addition, the Occupational Safety 
and Health Administration requires opera- 
tors of waterjet equipment to wear hearing 
protectors. 
Traditional Machining. In solid tool ma- 
chining and drilling, obtaining acceptable 
machined edges and drilled holes is a source 
of trouble. Success in machining and drill- 
ing is fiber related and totally independent 
of the matrix material, including metals. 
Trimming is one of the more common 
operations in the fabrication of composite 
materials (both MMCs and resin-matrix 
composites). The cutting tools used include 
circular saws, router cutters, and abrasive 
tools. For straight-line cuts, diamond- 
coated circular saw blades and portable 
equipment are suggested. Tool life is long. 
Good finishes are obtained with carbide 
router bits that have a diamond-shaped 














chisel cut (Fig. 4) and with diamond-coated 
router tools. They can also be used in any 
trimming operation. A finish of better than 3 
шт (125 pin.) in roughness can be obtained 
with carbide router bits. 

Abrasive tools are also used in trimming 
and final finishing. Examples are sanding 
drums, disks, belts, and abrasive cloth. 
Parameters for trimming composites are 
listed in Table 1. 

Coolant may or may not be used in the 
traditional machining of composites. For 
example, coolant is not used in the peck 
drilling of laminated composites. Peck drill- 
ing was developed to prevent problems with 
delamination and shredding; this technique 
is discussed in the section “Drilling” in this 
article. 

Band sawing with diamond grit blades is 
preferred for both continuous and discon- 











Table 1 Parameters for composite trimming 
Speed —— 
Operation Equipment Cutter type Гы sim 
Straight-line cuts.. I Pneumatic saw Diamomd-coated circular saw(a) 60-90 12 000-18 000 
Hand router Diamond router(b) 10-15 2000-3000 
Carbide routertc) 
Irregular outline Hand router Diamond router(b) 10-15 2000-3000 
Carbide router(c) 
Chamfer, deburr «+--+. +++ Hand Abrasive drum(d) ] 
Finish operations .... ..Handdrillmotor Abrasive disk(d) 560 1000-12 000 
Hand ‘Abrasive cloth(d) + = 


(à) Diumond circular saw, 1.3 mm (0.050 in.) kerf, 36'44-grit. (b) Diamond routers, 36/44-erit roughing, 80/100-grit finishing. (c) Carbide 


diamond-shaped chisel cut routers. (d) B-grit (rough). 220-gnit finish 








tinuous MMCs (Ref 1). Coolants are usually 
needed to prevent overheating of the blade 
and to prevent matrix metal pickup. How- 
ever, carbide blades can be used for discon- 
tinuous MMCs with low fiber content. 

Diamond grit grinding bits are suggested 
for the profile milling, chamfering, drilling, 
and countersinking of continuous MMCs, 
using water mist coolants. Conventional 
cutting tools, such as end mills and twist 
drills, even the diamond type, cannot shear 
the fibers and will cause fiber damage and 
delamination. 

Discontinuous metal-matrix composites 
can be machined by all conventional meth- 
ods, but speeds and feeds must be adjusted. 
Drilling, turning, and milling cannot be done 
at the same rates on aluminum-matrix com- 
posites as on conventional aluminum alloys, 
The more reinforcement in a composite, the 
faster a tool will wear, and greater penetra- 
tion forces may be required. The basic 
approach is to reduce cutting speeds to 
manage the rate of wear while maintaining 
high feed rates to improve productivity be- 
fore the tools wear excessively. 

Cutting tools may exhibit different wear 
patterns. Abrasion, not heat, is the primary 
problem. Twist drills may wear on margins 
as well as on cutting lips. End milling cut- 
ters may break because of early loss of edge 
keenness, which greatly boosts side thrust 
forces. The greater forces may deflect the 
tool, affecting dimensional accuracy. 

Nontraditional Machining. Waterjet, 
abrasive waterjet, and laser cutting are 
among the nontraditional machining meth- 
ods used. In the waterjet process, a hydrau- 
lically driven intensifier pumps a fluid (typ- 
ically filtered and conditioned water) at 
pressures up to 410 MPa (60 ksi). The fluid 
is expelled through an orifice to form a jet 
stream. The coherent jet of water is pro- 
pelled at speeds up to about 850 m/s (2800 
ft/s). 

An abrasive material, such as garnet in 
grit sizes ranging from 16 to 150, is used in 
abrasive waterjet cutting. Grit is introduced 
into the stream after the primary jet is 
formed. Cutting n erosive or shear pro- 
cess. The article ‘‘Waterjet/Abrasive Wa- 
terjet Machining" in this Volume contains 
detailed information on the equipment, 
principles, and application of these tech- 
niques. 

Many MMC are cut with high speed and 
quality using the CO, laser. In cutting some 
MMCs, CO, and YAG lasers are alterna- 
tives to diamond tools or grinding. The 
thermal nature of the process, however, 
limits its utility in applications in which 
charring or thermal degradation is not ac- 
ceptable (Ref 2-4). 

Metallic materials, including MMCs, do 
not exhibit the same behavior as thick, 
organic materials, because metallics do not 
break down into gaseous components dur- 
ing laser cutting. The material melts and 
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Fi 5 Laser-cut 3.2 mm (0.13 in.) titanium-SiC. 
B= 9 composite in which the titanium matrix ma- 
terial has flowed away from the SiC fibers and formed a 
recast layer at the exit (top) side of the cut 





must be physically ejected by the gas-a: 
sisted flow. Recast material often adheres 
to the exit side of the cut (Fig. 5), and its 
removal may rcquire additional operations. 
Recast material can also adherc to the walls 
of a cut, forming a degraded solidified layer. 
Recast material is minimized by a high- 
pressurc, gas-assisted flow and by using 
reactive gases if they are metallurgically 
acceptable. 

Failure to penetrate a workpiece complete- 
ly results in the kerf material being ejected 
upward toward the laser source. This material 
generally damages the cut edge, producing a 
ragged incision surrounded by debris. 

A third nontraditional machining method 
employed for MMCs is wire electrical dis- 
charge machining, a spark erosion process 
in which a small-diameter copper or brass 
wire serves as the electrode. A de power 
supply delivers high-frequency pulses of 
electricity to the wire and the workpi 
Material is eroded ahead of the traveling 
wire by spark discharges. The principles of 
this technique are described in detail in the 
article "Electrical Discharge Machining" in 
this Volume. 

















A wide variety of MMCs have been stud- 
ied. Matrix materials include aluminum, cop- 
per, titanium, magnesium, and steel. Rein- 
forcing materials include boron, silicon 
carbide (SiC), aluminum oxide (ALO,), 
graphite, and tungsten. This Section will re- 
view aluminum-boron, aluminum-SiC, alumi- 
num-ALO,, and titanium-SiC MMCs. Addi- 
tional data on MMCs can be found in 
Composites, Volume 1 of the Engineered 
Materials Handbook. The corrosion proper- 
ties and casting characteristics of MMCs are 
discussed in Volumes 13 and 15, respectively, 
of the 9th Edition of Metals Handbook. 


Aluminum-Boron Composites 


Aluminum-boron MMCs are machined 
with both traditional (cutting, milling, drill- 





Fig. 6 i9 13 mm (0.50 in.) holes ол through | 
19. Ө шж (0.04 in.) thick aluminum-boron. Recast 
aluminum forms a burr on the exit (top) side of the cut. 


ing) and nontraditional methods (for exam- 
ple, laser cutting). Traditional machining 
characteristics are similar to those for alu- 
minum-SiC composites (see discussion 
below). The following example details the 
use of laser cutting. 

Example 1: Laser Cutting of Alumi- 
num-Boron Composites. An aluminum-bo- 
ron composite | mm (0.04 in.) thick was cut 
at a rate of 8 m/min (25 sfm) with a 1500-W 
CO, laser. A 63 mm (2.5 in.) focal length 
lens was used to produce minimum spot 
size. With air-assisted flow, cut quality was 
good, with 0.2 mm (0.008 in.) of slag on the 
exit side of the kerf (Fig. 6). Pulsing provid- 
ed good cut quality at a lower speed. 

A YAG laser provides slightly better cut 
quality than a CO, laser in cutting alumi- 
num-boron MMCs because of its high puls- 
ing power. Typical parameters would be 0.3 
m/min (1.0 sfm), with an 80 mm (3 in.) focal 
length lens on a pulsed 400-W unit. Addi- 
tional information on the laser cutting of 
composites can be found in Ref 5. 





SiC-Reinforced Composites 


Machining practices for aluminum-SiC 
are similar to those for A390 sand cast 
aluminum (16 to 18% Si), as described in the 
article “Machining of Aluminum and Alu- 
minum Alloys” in this Volume. Close-toler- 
ance intricate parts can be produced with 
excellent finish and surface integrity by 
using polycrystalline diamond cutting tools 
and slight adaptations of standard metal 
cutting and finishing techniques developed 
for abrasive materials (Ref 6). 

The extremely hard carbide reinforce- 
ment is abrasive. High temperatures be- 
tween the tool and the workpiece result in 
rapid tool wear. The following data are 
based on the use of a group of materials 
containing SiC particulates or whiskers in 
volume fractions ranging from 15 to 40%. 

These composites produce small, discon- 
tinuous (segmented) chips with little or no 
built-up edge, depending on the matrix ma- 
terial used. For example, in machining a 
composite with a 6061 aluminum matrix in 
the annealed condition, moderate amounts 
of built-up edge may result. 











Power Sawing of Aluminum-SiC 
MMCs. In cutoff operations on large stock, 
a power hacksaw is used, along with a 
heavy flow of cutting fluid. Effective tooling 
materials include a high-speed tool steel 
blade with a standard (precision) tooth con- 
figuration having 2^ teeth per 25 mm (1 in.) 
in a raker set. The blade is 3 mm (0.125 in.) 
thick, 115 mm (4.5 in.) high, and 900 mm (36 
in.) long. A kerf of 6.5 mm (0.25 in.) is 
produced. 

A high rate of blade wear should be 
expected. Wear is indicated by an absence 
of chips in the cutting fluid. Cutting action is 
poor when abrasion wears away the sides of 
the teeth. 

Specific feeds and speeds are usually 
determined by experimenting with combi- 
nations that will not stall the machine. De- 
pending on blade condition, cutting through 
a 350 mm (13V in.) diam billet requires 30 to 
45 min. Blade replacement is normally re- 
quired after an average of five cuts through 
material containing 20 vol% of SiC whis- 
kers. With 40 vol% of SiC, blades last an 
average of two cuts, 

A power hacksaw can be used for cutting 
off lighter stock and for contour sawing. A 
horizontal (cutoff type) or vertical bandsaw 
can be used. A varitooth bimetal blade with 
raker set high-speed steel teeth is preferred, 
with an alternating sequence of four large 
teeth (five teeth per 25 mm, or 1 in., pitch) 
and five small tecth (eight teeth per 25 mm, 
or 1 in., pitch). A cutting fluid is not used 
with this configuration because it impairs 
the cutting action. 

The varitooth blades in use are 0.90 mm 
(0.035 in.) thick and 25 mm (1 in.) high. The 
horizontal type is 3.4 m (11 ft, 5 in.) long, 
and the vertical type is 3.7 m (12 ft, 5 in.) 
long. Blade speeds are 25 m/min (90 sfm) for 
the horizontal type and 60 m/min (200 sfm) 
for the vertical type. Abrasive wear on the 
sides of the teeth necessitates frequent 
blade replacement. Typically, a bandsaw 
blade should be replaced after an average of 
four cuts through bar stock 150 mm (6 in.) in 
diameter with 20 vol% of SiC whiskers. 

These materials have also been cut witha 
high-speed abrasive cutoff wheel (nylon- 
reinforced resinoid with Al;O, grit) and a 
cutting fluid similar to that used with the 
reciprocating power hacksaw. With a wheel 
300 mm (12 in.) in diameter by 6.5 mm (0.25 
in.) thick, kerf width is about 7.5 mm (0.3 
in.). 

Wire electrical discharge machining 
(EDM) is ideally suited to the straight or 
contour cutting of aluminum-SiC and alumi- 
num-boron MMCs. The rate of removal is 
influenced by the electrical conductivity of 
the workpiece, not the hardness or abra- 
siveness of the workpiece material. Wire 
EDM leaves virtually no directional ma- 
chining marks, and the thermally affected 
zone at the cut surface is insignificant be- 
cause its depth is less than that of the 
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roughness irregularities. Feed rate depends 
on the material, wire diameter, and speci- 
fied surface quality. 

The continuously moving wire electrode 
acts like an electric band saw, with the wire 
replacing the band and the spark discharge. 
replacing the teeth. Extremely tight corners 
with almost no radius can be cut. Kerf 
width is minimal, with the influencing factor 
being the diameter of the electrode wire. 
Use of a standard 0.25 mm (0.010 in.) brass 
wire results in a kerf width of about 0.35 
mm (0.0134 in.). 

The effectiveness of wire EDM cutting 
has been demonstrated with a composite 
containing 20 vol% SiC whiskers. A cut 100 
mm (4 in.) deep by 200 mm (8 in.) long was 
made without difficulty. Other possible cuts 
with this process include tapers, relief an- 
gles, and other complex geometries. 

Abrasive Waterjet Cutting. In cutting 
aluminum-SiC MMCs with this process, the 
kerf is usually 0.025 mm (0.001 in.) greater 
than the diameter of the nozzle orifice. 
Excellent cut surfaces have been obtained 
with a workpiece 12.5 mm (V^ in.) thick at a 
rate of 100 mm (4 in.) per minute. Good cut 
surfaces (better than those produced with a 
power hacksaw) have been obtained with a 
cutting rate of 250 mm/min (10 in./min). 

Drilling and Reaming. Holes of accept- 
able quality can be produced with standard 
high-speed steel drills with 118° points. The 
procedure is slow and requires close oper- 
ator attention (drills need to be sharpened 
frequently, for example). A generous sup- 
ply of cutting fluid should be used. 

A surface cutting speed in the range of 4.5 
to 6 m/min (15 to 20 sfm) is preferred. The 
operator must be careful not to allow the 
drill to bind (which causes torsion drill 
failures) or to dwell (which results in ex- 
tended abrasive contact between the drill 
point and the chips). Frequent extraction of 
the drill is necessary to remove congested 
chips from the flutes. 

Tool life is extended by using a carbide 
spade drill with hand feed and a cutting speed 
in the range of 90 m/min (300 sfm). Best 
results have been realized with a straight-flute 
(0°) helix-angle carbide drill with a split 
(crankshaft type) point at a 138° angle. Tool 
life in the range of 100 holes has been ob- 
tained, using a water-base emulsion cutting 
fluid in combination with a speed of 25 m/min 
(90 sfm) and a feed of 0.25 mmvrev (0.010 in./ 
rev). Best results are obtained by quickly 
removing the abrasive chips (flushing with 
coolant) and by moving the tool through the 
workpiece as rapidly as possible. 

Holes of excellent quality have been pro- 
duced with a rotary ultrasonic drilling ma- 
chine turning at 2000 to 3000 rev/min with 
axial vibration. The drill point was coated 
with 80-grit diamond. 

Reaming can be done with standard high- 
speed steel reamers, using a hand feed and 
surface cutting speed of 4.5 to 6 m/min (15 


to 20 sfm) and a generous supply of cutting 
fluid. Chips should be frequently removed 
from the flutes. 

Turning. Optimum results are obtained 
with polycrystalline diamond cutting tools 
having a back rake angle of 0°. Excellent 
results can be obtained dry, but when met- 
allurgical surface integrity is required, a 
cutting fluid should be used. The degree of 
cooling needed calls for any good-quality 
soluble oil emulsion at a 1:20 ratio with 
water. Generally, surface cutting speeds are 
in the range of 300 m/min (1000 sfm), feed 
rates are in the range of 0.8 to 0.15 mm/rev 
(0.003 to 0.006 in./rev), and cutting depths 
are of the order of 1.5 mm (0.06 in.). 

Diamond tooling is speed sensitive and 
wears at higher speeds. Some production- 
oriented evaluations show that reasonable 
tool life is possible with cutting speeds in 
the range of 150 to 240 m/min (500 to 800 
sfm). Diamond cutting tools should be con- 
sidered the standard for common lathe op- 
erations such as outside diameter turning, 
boring, and facing. Operations such as part- 
ing and knurling can be done on a prototype 
basis using standard high-speed steel cutoff 
and knurling tools. 

Milling. Most operations call for face 
milling cutter configurations. Experience 
with peripheral (slab milling) cutters is lim- 
ited. Results are excellent with polycrystal- 
line diamond inserts set in a standard FP-5 
face mill cutter body. This configuration has 
a 125 mm (5 in.) diameter and utilizes ten 
inserts preset for a positive rake of about 7° 
and a 15° lead angle. 

Machining is done dry at a surface cutting 
speed of 1675 m/min (5500 sfm) and a feed 
of 0.060 mm/rev (0.0024 in./rev) ог 0.006 
mm (0.00024 in.) per tooth along with cut- 
ting depths up to 1.5 mm (0.06 in.). Surface 
finish is excellent, but the influence of high 
cutting speed on tool wear has not been 
evaluated. On a production basis, optimum 
tool life will probably be realized with a 
cutting fluid and surface cutting speeds of 
no more than 750 m/min (2500 sfm). A 
special polycrystalline diamond, two-flute 
side milling cutter is used to machine the 
edge contour of flat tensile specimens. 

Nontraditional Milling. Electrical dis- 
charge machining is effective in producing 
complex shapes, particularly those that are 
internal. For example, a 25 х 50 mm (1 x 2 
in.) hole was sunk into an extruded bar of 
aluminum-SiC using a graphite electrode 
with negative polarity. 

Chemical milling is ideally suited to large, 
shallow cuts in thin sheets. Burrs are not 
produced, and workpiece surface stresses 
are not generated. Techniques developed 
for aluminum are used. Etch rates in the 
range of 0.12 to 0.025 mm/min (0.005 to 
0.001 in./min) are possible with a sodium 
hydroxide etchant. 

Threading. Standard methods are used 
including outside and inside diameter, sii 

















gle-point lathe threading, tapping, die 
threading, and rolled thread forming. In 
using standard high-speed steel taps, tool 
wear should be closely monitored to ensure 
dimensional accuracy. 

Grinding. The hardness and free-cutting 
tendency of aluminum-SiC MMCs make 
these composites easier to grind than unre- 
inforced aluminum alloys. Bright and 
smooth surface finishes can be obtained 
with moderate clogging of the wheel. Grind- 
ing parameters have not been developed for 
standard operations such as surface grind- 
ing and cylindrical grinding. Other abrasive 
machining procedures, such as honing, lap- 
ping, and free abrasive slurry surface grind- 
ing, are easily adapted for aluminum-SiC 
composites, General guidelines for machin- 
ing aluminum-SiC MMC' are given in Table 
2. 
Titanium-SiC MMCs can be laser cut in 
thin layers. An argon-assisted flow should 
be used to avoid oxidation of the titanium 
matrix. In one case, a workpiece 0.8 mm 
(0.03 in.) thick was cut with a 1500-W CO; 
laser at 8 m/min (25 sfm). Quality was 
improved by reducing the cutting speed to 
0.6 m/min (2.0 sfm) and using 700 ms 
pulses of 1000 W at 220 Hz. 

The cutting of a 3.2 mm (0.13 in.) titani- 
um-SiC workpiece was done with a CO; 
beam of 1.4 ms pulses using 1500 W at 220 
Hz at 0.25 m/min (0.82 sfm). The titanium 
matrix was observed to have melted back 
from the edge of the cut for a distance of 
about 0.1 mm (0.004 in.), as shown in Fig. 5. 
The resulting slag adhered to the exit side of 
the cut to a height of 0.5 mm (0.02 in.). A 
YAG laser provides slightly better quality 
than a CO; type when used on this material. 
Typical parameters would be 0.15 m/min 
(0.50 sfm) with a 75 mm (3 in.) focal 
length lens on a pulsed 400-W unit. 


Oxide-Reinforced Composites 
Alumina fiber reinforced MMCs are diffi- 
cult to machine. In one case, conventional 
high-speed steel twist drills had a tool life of 
less than one hole. The following guidelines 
for drilling, turning, and milling are based 
on studies of aluminum-matrix composites 
reinforced with alumina Fiber FP from E.I. 
Du Pont de Nemours & Company, Inc. (Ref. 
7). Alumina fiber concentrations were 5576 
by volume. In drilling and milling, test 
plates 12.5 mm ( in.) thick were used. In 
turning tests, bars measuring 50 mm (2 in.) 
in diameter were used. The procedures dis- 
cussed generally apply to both aluminum- 
and magnesium-matrix composites of this 











ig. All drilling experiments were 
conducted with 6.35 mm (V4 in.) diam solid- 
carbide and polycrystalline diamond tools. 
In a preliminary evaluation, the feed rate 
boundary condition for solid-carbide drills 
was established, using a constant speed of 
22.5 m/min (75 sfm). A feed rate of 0.36 mm/ 
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Table 2 Machining guidelines for alui 


iminum-SiC MMCs 























Speed, 
Required mimin 

Process equipment Tooling (stm) Peed rate Comments 

Cutoff sawing ..... .. Horizontal band Carbide-tip 120 (400) Maximum Good cut quality, 
saw with blades Maintain moderate 
positive pressure to maximize 
hydraulic blade life. 
head feed 

Sample cutting ....Diamond blade Circular Effective for cutting small 
wafering saw ^ diamond blade precision samples 

Wire EDM ..Conventiona Wire electrode Aluminum-SiC cuts much 
EDM like unreinforced 
equipment aluminum alloys 

silicon 
contents (—15-20 
э), although cutting 
speed may be reduced 
somewhat, 

Abrasive waterjet . Conventional 5-125 mm/min Cuts thin sections easily. 
abrasive (0.2-5.0in.min) ^ Cutting speed greatly 
waterjet reduced for thick 
equipment sections 

Turning. ..Comventional Polycrystalline 180-210 0.065-0.12 mavrev Best surface quality at 
lathes low feed rates 


diamond 
Chemical milling, , . Conventional * 
etchants used 
for aluminum 


(600-700) (0.0025-0.005 in./rev) 


Good surface finish 


Drilling -+ Conventional Ashighas — Ashighas Drill bit flutes must be 
drills with practical practical kept clear of drill 
high-speed shavings. Bits require 
tool steel drill frequent resharpening. 
bits 

Tapping. .... Conventional Same as conventional 





taps and dies 


aluminum 





rev (0.0144 in./rev) caused premature fail- 
ure of the tool due to chipping of the cutting 
lips. A value of 0.305 mm/rev (0.012 in./rev) 
was set as the upper boundary. 

A soluble-oil coolant applied to the tool 
resulted in accelerated wear caused by the 
creation of an abrasive slurry at the cutting 
edge. The problem was solved by using 
compressed air directed at the tool to re- 
move chips. 

To check lip wear, new, solid-carbide 
high-helix drills were run for 120 holes at 





speeds ranging from 7.5 to 30 m/min (25 to 
100 sfm) and feeds ranging from 0.150 to 
0.305 mm/rev (0.006 to 0.012 in./rev). Re- 
sults are shown in Fig. 7. A feed of 0.305 
mnvrey (0.012 in./rev) resulted in the least 
tool wear after 120 holes. This feed, consid- 
ered optimum for solid-carbide tools, also 
represents the highest productivity rate of 
the feeds tested. 

Although there was a notable difference 
in tool wear when feed was altered, this was 
not true of speed. At the optimum feed of 
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Fig. 7 Тоо несг versus feed rate at four surface speeds in drilling 120 holes in a Fiber FP aluminum MMC using 
B+ 7 solid carbide tools. Source: Ref 7 


0.305 mm/rev (0.012 in./rev), there was little 
difference in tool wear due to speed. Tool 
wear begins to increase dramatically at 
speeds over 45 m/min (150 sfm). 

In drilling an additional 60 holes, bringing 
the total to 180, it was determined that the 
optimum drilling speed with solid-carbide 
tools was 30 m/min (100 sfm) at a feed of 
0.305 mm/rev (0.012 in./rev). This is illus- 
trated in Fig. 8. 

Changes in tool geometry did not result in 
meaningful gains in tool life. Only the solid- 
carbide high-helix drill with a 135° angle 
point showed any promise, but the improve- 
ment did not outweigh the cost of special 
tools. Drills tipped with polycrystalline dia- 
mond and natural diamond tools are not 
suitable alternatives to less expensive solid 
carbides, which outperformed them in 
terms of wear and productivity. 

Parameters for drilling aluminum-Al;O, 
are transferable for drilling magnesium- 
А1,О,. However, the machinability of com- 
posites with commercially pure (CP) mag- 
nesium and 2Е41А magnesium matrices 
differs markedly. Average tool wear in drill- 
ing 60 holes in the CP magnesium type was 
0.099 mm (0.0039 in.), while that of the 
other type was 1.067 mm (0.0420 in.). 

Conclusions. Drilling of Fiber FP alumi- 
num can be performed with solid-carbide 
high-helix drills at a speed of 30 m/min (100 
sfm) and a feed of 0.305 mm/rev (0.012 in./ 
rev). 

Turning studies were carried out using a 
C-2 grade uncoated carbide insert with a 
number one, or 0.397 mm (/6 in.), corner 
radius. The insert material was the same as 
that used to produce the solid-carbide tools 
used in drilling. 

At feeds above 0.320 mm/rev (0.0126 in./ 
rev), the rate at which wear progresses was 
much less than it was at feed rates below 
this figure (Fig. 9). In addition, feeds above 
0.395 mm/rev (0.0156 in./rev) produced un- 
acceptable surface finishes. As in the drill- 
ing study, with speeds over 30 m/min (100 
sfm), the rate of wear on the insert in 
turning increased drastically with changes 
in speed (Fig. 10). Diamond, in polycrystal- 
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Tool wear increases after 45 m/min (150 sfm). Source: 
Ref 7 
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Figg, 9 120! wear versus feed rate in turning a Fiber FP aluminum MMC using an uncoated C-2 grade insert. Note 
9. 7 how the wear rate progress was significantly less when feed rates reached 770.320 mm/rev (0.0126 in./ 


rev). Source: Ref 7 


line or natural form, is not suitable for 
turning these composites. 

Of the ten tool materials tested, a ceram- 
ic-coated carbide showed the most promise 
as an alternative to uncoated carbide (Table 
3). After 305 mm (12 in.) of linear cut, it 
wore 0.163 mm (0.0064 in.) compared with 
0.185 mm (0.0073 in.) for uncoated carbide 
under identical conditions. 

Conclusions. Turning of Fiber FP alumi- 
num can be performed with C-2 uncoated 
carbide or ceramic-coated carbide at a 
speed of 30 m/min (100 sfm). The highest 
feed rate that produces an acceptable sur- 
face finish should be used to enhance tool 
life. In turning, large nose radius to round 
inserts should be used to enhance surface 
finish at high feed rates. 

Using the speed of 30 m/min (100 хіт) 
selected as optimum for turning and the 
base knowledge that higher feed rates yield 
better tool life, milling trials were made with 
around insert milling cutter. Feed rates of 
0.95 mm/tooth (0.038 in./tooth) and 1.5 mm/ 
tooth (0.062 in./tooth) were used. The depth 
of cut was 1.25 mm (0.050 in.). The tool was 
found to exhibit a normal wear pattern. 











Table 3 Wear developed on inserts of various materi 


Conclusions. Milling of Fiber FP alumi- 
num can be performed with C-2 uncoated or 
ceramic-coated carbide tools at 30 m/min 
(100 sfm). As in turning, the highest feed 
rate that produces an acceptable surface 
finish should be used. 


Drilling 


Dissimilar-Material Laminates. In drill- 
ing composites such as a graphite/metal 
sandwich, peck drilling can be used. This 
method was invented at Northrop Aircraft 
Division when problems were encountered 
in drilling fastener holes in a 38 mm (1.5 in.) 
thick stackup of titanium/graphite/titanium. 
A cost-effective, quality hole could not be 
produced with conventional power feed 
drilling. Mist coolant caused titanium chips 
and graphite sludge (mixture of graphite 
dust and coolant) to impact into the drill 
flutes. As a result, holes in the graphite 
were oversize, and the tools eventually 
broke. 

In peck drilling, deep holes are drilled 
without coolant. The drill advances to an 
adjustable depth and then withdraws from 






































Speed, sim 
wo — 20 — 30 40 so 
0.30 0.012 
E 028 aon = 
$ 025 0.010 $ 
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Son 10009 É 
0.20 0.008 
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Speed, m/min 
; Wear of C-2 carbide inserts as а function 
Fig. 10 27e speed when turning 300 mm (12 


in.) of Fiber FP aluminum MMC at 0.40 mmlrev (0.015 
rev) and taking а 0.50 mm (0.020 in.) depth of cut. 
Source: Ref 7 





the hole to clear chips and to dissipate heat. 
It then reenters the hole to drill deeper and 
repeats the "woodpecking" action until the 
desired depth is reached (Fig. 11). Optimum 
peck drilling parameters for three materials 
are listed in Table 4. All holes were pro- 
duced dry, using carbide-tip drills having a 
standard NAS-907 P3 split point geometry. 
Data are for hole sizes up to 9.5 mm (0.375 
in.) in diameter. 

As an alternative, the one-step drilling/ 
countersinking method, which is more cost 
effective than peck drilling, can be used. 
However, it is suitable only for drilling 
structures that are 25 mm (1.000 in.) thick or 
less and have hard material in the stackup 
that does not exceed 5 mm (0.200 in.). This 
procedure uses specially designed equip- 
ment that drills, reams, and countersinks in 
one operation. The drill motor is an air- 
operated, hydraulically controlled feed rate 
type that is clamped to the work surface by 
an expandable collet. Use of a template foot 
pad with the collet ensures perpendicularity 
between the cutter axis and the work mate- 
rial. The operator simply inserts the collet 
into a previously drilled hole while holding 
the foot pad firmly against the material 
surface. Clamping and drilling start when 
the motor is started. Parameters for the 
one-step drilling/countersinking of graphite/ 
aluminum, graphite/titanium, and graphite/ 
steel composites are given in Table 5. Ad- 
ditional information on producing holes in 








15 in turning Fiber FP aluminum MMCs 























У — и — th of cut ‘Length of cut Flank/ radius wear 

ты. Бәй emacs Тән aed шшш о шл жү ш ma ы _ m in 
1 TC-30 TIN+TiC 30 100 0.40 0.0154 ro 0.040 50 2 0.23 0.0090 
F BAN TC-30 TiN+TiC 150 500 0.40 0.0154 1.0 0.040 50 2 0.35 0.0137 
Some K-060 Cold press ceramic 150 500 0.40 0.0154 1.0 0.040 50 2 0.66 0.0260 
[ vm .. K-090 Hot press ceramic 150 500 0.40 0.0154 18 0.070 50 2 0.84 0.0330 
Seve SiAION Silicon nitride 150 500 0.40 10.0154 1.8 0.070 50 2 0.62 0.0243 
6. KC850 TiN multi-phase 30 100 0.40 0.0154 1.0 0.040 250 10 0.35 0.0137 
Tos K68 C-2 uncoated 30 100 0.40 0.0154 ro 0.040 250 10 0.24 0.0094 
8. «45 Ti 30 100 0.40 6.0154 9.5 0.020 250 10 0.0093 
Sess CBN Cubic boron nitride. 150 500 9.40 0.0154 1.0 0.040 250 10 0.43 0.0170 

Ceramic-coated 

10... кс 30 100 0.50 0.0200 го 0.040 300 R 0.16 0.0064 
п. . K2000 Silicon nitride. 150 500 0.40 0.0154 0.5 0.020 50 2 0.18 0.0072 





Source: Ref 7 
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Fig. 11 


repeating the process 


dissimilar-material laminates is provided in 
Ref 8 to 10. 

Drilling Graphite-Epoxy With Alumi- 
num and Titanium Substructures. The 
holemaking method and the tool used vary 
with fiber type, fiber presentation, fiber 
combinations, fiber-metal combinations, 
and resin type. Drills that perform well in 
graphite-only structures, such as the four- 
flute, tapered drill, do not cut well in metal. 
A metal structure requires a more conven- 
tional, chip-cutting tool. The graphite still 
imposes a requirement for carbide cutters, 
and the titanium imposes a maximum cut- 
ting speed of about 300 rev/min for most 
common fastener hole sizes. 

In the case of graphite-epoxy composites 
with a metallic substructure, the metal pro- 
vides a built-in backup that prevents exit 
side fiber breakout or delamination in the 
graphite portion of the structure if it is well 
clamped. Because it also provides a backing 
for self-colleting drill units, these tools can 
be safely used in this type of structure. 

The preferred drill configuration for this 
type of workpiece is the eight-faceted twist 
drill, and the preferred equipment would be 
a self-colleting drill motor. Air over oil feed, 
noncolleting drill motors held in a drill jig or 
by a robot arm would also be satisfactory. 
Drill speed should be about 2000 rev/min for 
aluminum and 300 rev/min for titanium. No 
cutting fluid is recommended in either case. 

Pulling aluminum chips through the 
graphite structure with the drill should 
cause no problem, but titanium chips could 
cause some erosion in the graphite, allowing 
the hole to become oversize. Erosion can 
also occur to any cast-in-place plastic shim 
that may be used at the faying surface. 

If erosion proves to be a problem, holes 
must be drilled undersize and reamed to size 
with a straight-flute carbide-insert reamer. 
Peck drilling (described earlier) is an option. 
Considering the reaming characteristics of 
titanium, one would expect the final hole to 
be about 0.025 mm (0.001 in.) smaller in 
diameter in the titanium than in the graphite; 
the reve however, appears to be true. 














Schematic of peck drilling, in which drill advances into material, retracts, cools, and cleors chips before 


When an interference fit fastener is re- 
quired in the aluminum substructure for 
fatigue improvement, first the correct-size 
hole for aluminum should be drilled through 
both the graphite and the aluminum. The 
graphite should then be removed and the 
hole reamed up to its correct clearance size. 
Recommendations for countersinking in 
this combination of materials are no differ- 
ent from those for graphite-epoxy unidirec- 
tional tape or cloth. 


Machining Guidelines For 
Honeycomb Structures 


In machining honeycomb core (nonmetal 
or metal) in the expanded condition (Fig. 
12), one of the major difficulties is stabiliz- 
ing the core. A means of holding the work- 
piece and preventing excessive deflection of 
the cell walls is needed. If deflections are 
not reduced, surface finish will be extreme- 
ly poor. 

Stabilization is usually obtained by using 
temporary or permanent backing materials. 
Some producers of fiberglass cores supply 
a one-sided adhesive material that can be 
attached to the honeycomb structure. The 
adhesive side is attached to the honeycomb, 
the smooth side against a vacuum plate. 
However, temporary backing on aluminum 
may contaminate the metal, which must be 
cleaned with extreme care after the backing 
is removed. The ice chuck is a technique 
used to avoid the problem. 


Table 4 Parameters for peck 
drilling 








Feed rate per 
Speed, revolution Peck cycle’ 
Material revimin mm in. 25mm (1in./min. 
Titanium.........580 0050 0.002 60 
Graphite .- 550 010 0.004 30 
Aluminum .......550 0.10 0.004 30 


Note: All holes were produced dry. using carbide-tip drills, The 
recommended parameters for hole sizes up to 9.5 mm (0.375 in.) 
are listed 





With this technique, the honeycomb is 
partially submerged in a pool of water that 
is then frozen to secure the core. A special 
fixture with passages built into it circulates 
a low-temperature freezing fluid and a high- 
temperature thawing fluid. 

Other proprietary stabilization methods 
are used by leading aerospace companies. 
Most of these involve the use of special 
paper, plastic, or adhesive backing materi- 
als. 

The stabilization problem can be mini- 
mized by designing parts that require little 
or no machining on one side, allowing the 
skin to be bonded to one side before the 
other is machined. Slight steps in the thick- 
ness of the material can be produced by the 
core fabricator, and the material can be 
supplied ready for bonding on one side. 
With one side secured by bonding, the part 
can be vacuum clamped, and the opposite 
side can then be machined to any contour 
desired. 

Tools. Standard aluminum-cutting end 
mills and valve stem cutters are used to 
machine aluminum honeycomb. Valve stem 
cutters are limited to surfaces that are flat or 
have extremely large radii. Even for this 
type of cut, they are not as good as standard 
end mills for the higher-density cores. Sol- 
id-carbide tools perform better than high- 
speed steel in this application. 

Machines should be capable of spindle 
speeds exceeding 10 000 rev/min to produce 
acceptable surface finishes. Spindle speed 
should be variable because valve stem cut- 
ters have a tendency to develop loading 
problems that are sensitive to spindle 
speed. A minimum axial depth of cut of the 
order of 0.25 mm (0.010 in.) is needed to 
obtain good surface finishes. 


Table 5 Parameters for one-step drilling/countersinking 








Hole diameter (max) Speed, Feed rate per revolution 
Materials = - rina = 
Graphite and aluminum....... 0.1562 2800 0.025-0.040. 0.0010-0.0015 
0.1875 2800 0.025-0.040 0.0010-0.0015 
0.2500 2800 0.025-0.040 0.0010-0.0015 
0.3125 1800 0.045-0.055 0.0017-0.0022 
1800 0.045-0.055. 0.0017-0.0022 
Graphite and titanium or steel 400 0.10-0.15 0.0040-0.0050 
400 0.10-0.15 0.0040-0.0050 
400 0.10-0.15 0.0040-0.0050 
400 0.10-0.15 0.0040-0.0050 
400 0.10-0.15 0.0040-0.0050 




















Corrugating 
Rolls 


Fig. 12 


a block of honeycomb. 


A unique machining problem is encoun- 
tered when two pieces of core are used in 
the same part and bonded end to end. A 
strip on either side of the joint is filled with 
potting compound to strengthen the junc- 
tion. The machining characteristics of the 
compound are vastly different from those of 
the honeycomb core. The material causes a 
sudden increase in spindle torque that may 
slow down the spindle or even cause stalling 
if power is not adequate. In addition, the 
potting compound is abrasive, which causes 
accelerated tool wear, and the machining 
process produces dust and noxious fumes. 

Band saws are used to cut flat or tapered 
slabs from core blocks for later machining 





| 





Corrugated panel 
| cows L брт | 


Expansion method of honeycomb core fabrication. This method consists of printing an adhesive on 
ribbon sheets, stocking the sheets, and curing the stack in a press at an elevated temperature to form 


or to remove parts that have had their upper 
surfaces machined, In addition, the periph- 
ery of a core block can be trimmed with 
band saws. 

In band sawing honeycomb with paper or 
fiberglass cores, a blade speed of 360 m/min 
(1200 sfm) is recommended for all cuts. 
Blade type for paper cores is 10 pitch, while 
that for fiberglass may be 10 pitch or dia- 
mond grit type, depending on core weight. 
Feeds also vary with core weight. For ex- 
ample, a 10-pitch blade, a feed of 635 mm/ 
min (25 in./min), and a blade speed of 360 m/ 
min (1200 sfm) are suggested for fiberglass 
TOS weighing 65 or 90 kg/m’ (4.0 or 5.5 Ib/ 
I. 





Fig. 13 


High-speed steel tools used for machining nonmetallic honeycomb structures. Left, circular milling cutter 
chip shredder to break up chips used for finish machining. Right, chip chaser type with notched bottom 
used for rough machining. Courtesy of Lockheed Aeronautical Systems Company 


A diamond grit blade, a feed of 305 mm/ 
min (12 in./min), and a blade speed of 360 m/ 
min (1200 sfm) are suggested for fiberglass 
core with weights of 130 and 190 kg/m? (8.0 
and 12.0 lb/ft). By comparison, a paper 
core weighing 130 kg/m’ (8.0 Ib/ft*) is sawed 
at a feed of 305 mm/min (12 in./min), using a 
speed of 360 m/min (1200 sfm) and a 10- 
pitch blade. 

Valve stem and abrasive cutters are used 
in milling honeycombs with paper or fiber- 
glass cores. Valve stem tools are used pri- 
marily to generate flat surfaces, but curved 
surfaces with sufficiently large radii can be 
produced. However, any degree of curva- 
ture will cause deterioration in surface fin- 
ish quality. When a part has many or all flat 
surfaces joined by radiused corners, one 
practice calls for machining the part with a 
valve stem cutter and finishing corners with 
a conventional hand grinder. 

In milling paper cores with valve stem 
cutters, parameters are based on the mate- 
rial and its weight. For example, a speed of 
14 000 rev/min and a feed of 12.7 m/min (500 
in./min) are used to mill paper with a den- 
sity of 50 kg/m? (3 Ib/ft*). The valve stem 
cutter has a diameter of 40 mm (1.5 in.). 

Parameters for diamond grit cutters also 
vary with the material and its weight. For 
example, in milling fiberglass cores less 
than 95 kg/m? (6 Ib/ft*) in density, a 50 mm 
(2 in.) cylinder is used at a speed of 16 000 
1o 20 000 rev/min and a feed of 7.6 m/min 
(300 in./min). 

The high-speed steel roughing cutter shown 
on the right-hand side in Fig. 13 is used for 
machining nonmetallic honeycomb structures 
(see Table 6). The tool is 63 mm (2.45 in.) in 
overall diameter. It is a chip chaser type 
cutter with a notched bottom to aid in cutting. 
The finish cutter shown on the left-hand side 
of Fig. 13 is also made from high-speed steel. 
This circular milling cutter, which has a chip. 
shredder to break up chips, is also 63 mm 
(2.45 in.) in diameter. 

When using roughing cutters, cutter feed 
should be in the ribbon direction, the direc- 
tion in which the honeycomb would be 
pulled apart if delaminated. Circular cutters 
should cut in the conventional rotational 
mode. Climb cutting will leave a surface 
with attached hairs or loose fibers. A good 
bonding surface must be free of loose fibers. 
A vortex tube that delivers cooled air has 
been used as a machining assist. Dust and 
chips are vacuumed away as-generated by a 
shop vacuum system mounted on the ma- 
chine. 

Sandwich Panels. In some cases, sand- 
wich panels are machined. The core may be 
nonmetallic or metallic, but the skins are 
usually aluminum or fiberglass. Routing is 
the typical machining operation used to cut 
a smaller pattern from the sheet as a whole 
and to make holes for attachment points. 
Solid-carbide router bits perform well in 
pattern cutting. They are normally run at 
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Table 6 Machining parameters for milling nonmetallic honeycomb 


structures using the roughing 


and finishing tools shown in Fig. 13 








— Feed rate 











= = 
cat see речь — ows Finishing — 
Honeycomb care material ELM En rn UT 
НЕН-10 aramid phenolic. 0°, 90° 
fiber orientation ..... — sd | ж 30 18 7600 300 4600-6100. 180-240 
3 Li 50 30 7600 EL 4600-6100 180-240 
HRP glass phenolic, 0°. 90° 
fiber orientation vss Я 5 Yin 65 40 7600 300 4600-6100 180-240 
5 Ув 90 5.5 7600 300 4600-6100. 180-240 
5 Ye 130 8.0 4600. 180 3800-4600 150-180 
HFT glass phenolic, 45°, 
fiber orientation .... xe aM L so 30 7600 300 4600-6100 180-240 
3 * 51 32 7600 300 4600-6100 180-240 
3 и 65 40 7600 300 4600-6100 180-240 


Note: Chip chasers are preferred fur all roughing applications, Circular milling tools should be used for ай finish machining with the 


exception of the 130 kg/m’ (8.0 Ibi) 


HIRE. шалу phenolic; because of excessive heat buildup on the circular cutter, a chip chaser 
Should be used for roughing and finishing. Rough and finish cutting speeds: 10 


“000-13, 000 rev/min (2000-2600 mimin, or 6350-8515 sfm). 





Depth of cut: 75-12 5 mm 0.300-0.500 in. for roughing: 0.25-0.50 mm (0,010-0.200 in. for finishing. 





about 15 000 rev/min. Feed rates vary wide- 
ly, being dependent on the material and 
operations. Diamond abrasive hole saws are 
preferred in making holes. 
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Metric Conversion Guide 





This Section is intended as a guide for expressing weights and 
measures in the Système International d'Unités (SI). The purpose of 
SI units, developed and maintained by the General Conference of 
Weights and Measures, is to provide a basis for worldwide standard- 
ization of units and measure. For more information on metric conver- 
sions, the reader should consult the following reference: 





* “Standard for Metric Practice," E 380, Annual Book of ASTM 
Standards, American Society for Testing and Materials, 1916 
Race Street, Philadelphia, PA 19103 





ө The International System of Un 





s, SP 330, 1986, National 


Institute of Standards and Technology. Order from Superinten- 
dent of Documents, U.S. Government Printing Office, Washing- 


ton, DC 20402-9325 


* Metric Editorial Guide, 4th ed. (revised), 1985, American Na- 


tional Metric Coun: 








Washington, DC 20005-4960 


* ASME Orientation and Guide for Use of SI (Metric) Units, 
ASME Guide SI 1, 9th cd.. 1982, The American Society of 
Mechanical Engineers, 345 East 47th Street, New York, NY 


1010 Vermont Avenue NW, Suite 1000, 














































































* "Metric Practice," ANSI/IEEE 268-1982, American National 
Standards Institute, 1430 Broadway, New York, NY 10018 10017 
Base, supplementary, and derived SI units 
Measure Unit Symbol Mewure Tnit Symbol 
Entropy -.. joule per kelvin JIK 
Base allt Force .... isses newton N 
Amount of чибмапсе .............. mole mol Frequency.. hertz Hz 
Electric current ............ ampere A Heat capacity ..... -+--+ joule per kelvin VK 
еп aen meter m Heat flux депмйу................. Wall per square meter wim? 
Luminous intensity ....... -.. candela cd Muminance lux Ix 
Иш. услов раза Magam ke Inductance 2s. henry H 
Thermodynamic temperature kelvin K Irradiance ~... walt per square meter Wim? 
Time > seriar Second s Luminance ..... candela per square meter cd/m? 
Luminous flux ................... lumen Im 
Supplementary units Magnetic field strength +... ampere per meter Aim 
eae Magnetic Пих.......... weber Wb 
n e хонон ч па Magnetic flux density ,............ tesla T 
yes "жога Molar energy ....... = joule per mole Ит 
Molar entropy joule per mole kelvin Jmol К 
Teri omini Molar heat ca joule per mole kelvin Jmol K 
Absorbed dose gray Gy Moment г . newton meter Nem 
Acceleration " cesses meter per second squared ms? Permeability . -... henry per meter Him 
Activity (of radionuclides) .. - becquerel Bq Permittivity . 25 (агай per meter Fim 
Angular acceleration ees. таап per second squared тай? Power, radiant Пих . мап w 
Angular velocity Е radian per second тай» Pressure, stress pascal Pa 
Ага square meter m? Quantity of electricity. 
Сарасйапсе......... farad F electric charge .... - coulomb € 
Concentration (of amount of Radiance .. е s watt per square meter steradian — Wim? «sr 
substance) 200002: mole per cubic meter тойт? Radiant intensity 2000 Watt per steradian Wise. 
Conductance . . к у Siemens $ Specific heat capa -++ joule per kilogram kelvin Jkg- K 
Current density... sss ampere per square meter Aim: Specific energy.. -. joule per kilogram Ја 
Density, таз ..................... kilogram per cubic meter Колт" Specific entropy +- joule per kilogram kelvin Jike: K 
Electric charge density -.. coulomb per cubic meter Cm? Specific volumc -... cubic meter per kilogram mike 
Electric field strength ........- volt per meter. Ут Surface tension ... newton per meter Nim 
Flectric flux density z - coulomb per square meter Cm? Thermal conductivity . watt per meter kelvin Wim: K 
Electric potential, potential Velocity... + meter per second ms 
difference. electromotive force ..... volt v Viscosity, dynamic ,... pascal second Pass 
Electric resistance ................. ohm n Viscosity, kinematic square meter per second т? 
Energy. work, quantity of heat...... joule 1 Volume ...... cubic meter m 
P Wavenumber .. 1 per meter Vm 


Energy density teen Joule per cubic meter Jim 
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Conversion factors 



















































To convert from do multiply by То convert from do multiply by "To convert from to multiply by 
Angle Heat input in. Hg (60°F) Pa 3.376 850 E + 03 
Ibf/in.* (psid Pa 6.894 757 Е + 03 
degree rad 1,745 329-02 — Jin. Jim 3937008 E + 01 torr(mmHg,0°C) Ра 133 220 E + 02 
Юла. Ыт 3.937 008 E + 01 
а . є Specific heat. 
in mm* 6.451 600 E + 02 Btuilb - Е Jkg:K 4.186 800 E + 03 
in? E 6451 600E +00 A nm calig = °C Jkg-K 4.186 800 + 03 
in.* m? 6.451 600 E — H pin. pm 
fe m 9.29 304 E- 02 mil pm 
in. fm 3 Stress (force per unit 
- с! 2.840000 E + 00 2 
Bending moment or torque 18, хє A tonf/in.? (tsi) 1.378 95] E +01 
а » 3.04800 E — 01  kgfimm? 9,806 650 E + 00 
Ibf in. Nem 1.12948 Е -0 Yd m DIODE OF kai MPa 6.894 757 E + 00 
Ibf ft Nem 1.355 818 E + 00 mile km 1609300 E + 0 ipfim 2 (psi) MPa 6.894 757 E — 03 
kgf- m Nem 9.806 650 E + 00 MNim? MPa 1.00 000 E + 00 
ozf > in. Nem 7.061 552 Е – 03 Mass 
2 Е Temperature 
Bending moment or torque per unit length z ke AE " 
Ib kg 4.535924 - 01 әр = 5/9 «(°F = 32) 
iof «in Jin. N-mim 4.448222 Е +00 ton (short, 2000 Ib) kg 9071 87E +02 op he 55 
lof лп. Nimm 5337866 + 01 tOn (short. 2000 Ib) kg 10a) — 9.07 847 E — 01 
ton (long, 2240 5) — kg 1.016 047 E + 03 
‘Temperature interval 
Current density 
F © sie 
Alin? 550003 E — 01 gin? mee 
Alin? 50 003 E - 03 m .395 * 
Ac Paral Ea Di kem? 3031 $17 E - 01 ‘Thermal conductivity 
s UE EQ Bu sinis fF  Wm:K $192 204 È + 02 
Electricity and magnetism a MS EATEN Btu/ft -h + °F. Wim: K — 1730735 E + 00 
Btu inh f?-°F — Wim-K — 1442279 E — 01 
gauss T 1000000 Е — 04 — Mass per unit length calcem + s+ °C Мт K — 4184000 E + 02 
maxwell къ ТОЮ 000 E = 02 n — 
mho s 1.000 000 E + 00 ft kgim 1.4 Е + 00 
Oersted Alm 79857700 E + 01 Ibn. kgim 1785 797 E + 01 Thermal expansion 
Ост fem 1.000 000 E — 02 infin. «°C mim-K 1,000 000 E + 00 
0 cireular-milift Mem  1662426E-03 wc per unit time in.fin. + °F mim-K 1,800000 E + 00 
Energy (impact, other) lbh кш» 1.259979 E- 4 у y 
ariig Ib/min kgis 7559873 Е — 03 УЧУ 
ft Ibe J 1359 818 E + 00 Ibis kg/s 4535948 -01 fih m/s 8.466 667 E - 05 
: 73 нүн ft/min mis 5.080 000 E — 03 
(thermochemical) 1.054 350 Е + 0 fus ms 3.048 000 E ~ 01 
" Mass per unit volume (includes density) i. ae P тө -i 
(thermochemical) — J 4.184 000 E +00 giem" kgm’ 1,000 000 Е +03 km/h ms 2.777 778 E - 01 
kW- h J 3,600 000 E + 06 ып" віст" 1.601846 Е – 02 mph km/h 1.609 344 E + 00 
Woh J 3600000E +03 т" kg/m 1.601 846 E + 01 
Ibin." gem‘ 2.767 9E * 01 уңы 
iow dle Ibin." кт" 2.767 990 E + 04 oani 
revimin (rpm) rad/s 1.047 164 E — 01 
fth L/min 4.719 45Е-01 power теу гай» 6.283 185 E + 00 
ft'/min Limin 2831000 E + 01 е 
gal./h Limin $30900E – 02 вш kw 1055 056F +00 у 
gal/min Limin 3785 412E +00 віштіп kw 1756 6E og Oe 
Btuh w 1918751 E -01 poise Pass 1,000 000 E — 01 
Force еги» w 1.000 000 Е — 07 stokes ms 1,000000 E — 04 
п 09 w 1.355818 E + 00 fs mls 9.200 304 E — 02 
lof N 4.448 222E +00 — ft Ibfimin w 2.259 697 E - 02 — inis mm/s 6.451 600 E + 02 
kip (1000 Ibf) N 4.448 222 E. + 03 f+ Ibfh w 3,766 161 E – 04 
tonf kN 3,896443 E + 00 hp (550M Ibfis) — kW 7.456 9E-01 ү, 
kef N 9.806 650 Е +00 һр (electric) kW 7.460 000 E — 01 ý 
in? m 1.638 706 E — 05 
к it length ener deci Lu m 2.831 685 E – 02 
ig ea e галы fluid oz m 2957353 E — 05 
ът Мт 1459 390 E + 01 Wim? 1.550003 Е +03 — gal. (U.S. liquid) m 3785 412 E - 03 
Totiin. Nim 1.751 268 E + 02 
Press capacity Volume per unit time 
Fracture ti 
recur toque Sec Force fi'imin. mis 4.719 474 E - 04 
ksi Vin. MPA Vm 1.098 800 E + 00 ftis т\з 2.831 685 Е — 02 
рыш (fluid) in. "min. ms 2.731177 E - 07 
Heat content 
atm (standard) Pa 1.013 250 E + 05 ‘Wavelength 
Btu/lb Кв 2.36000 + 00 Баг Ра 1.000 000 Е + 05 | 
саш Кк 4.186 Ен 00 іп. Hg G2 °F) Pa 3.386 380 E + 03 A om 1.000 000 E – 01 


(а) kg x 10° — 1 metric ton or | megagram (Mg) 











SI prefixes—names and symbols 
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Exponential 
expression Multiplication factor Prefix Symbol. 
ШЫ 1 ооо 000 000 000 000 000 exa E 
ШЫ 1 000 000 000 000 000. peta Р 
ШЫ 1 000 000 000 000 tera T 
10? 1000 000 000 giga G 
toe 1000 000 mega M 
10" 1 000 kilo k 
10° 100 hectota) h 
[ro 10 dekata) da 
10” 1 BASE UNIT 

io! 0.1 a 
107 00 с 
10 1 0.001 т 
^ 0.000 001 n 
10-» 0.000 000 001 n 
10 1 0.000 000 000 001 р 
10 1 0.000 000 000 000 001 f 
w 0.000 000 000 000 000 001 a 





(а Nonpreferred. Prefixes should be selected in steps of 10° so that the resultant number before the prefix is between 0.1 and 1000. These 
prefixes should not be used for units of linear measurement. but may be used for higher order units. For example, the linear 


meusurement. decimeter, is nonpreferred, bul square decimeter is acceptable. 





Abbreviations and Symbols 


a wheel depth of cut in grinding; crystal 
lattice length along the a-axis 


A arca 

A, area of cut 

A, area of sliding contact on the rake 
face 

A, shear plane area 

A ampere 

Å angstrom 

ac alternating current 

AC adaptive control 

ACC adaptive control with constraints 

ACI Alloy Casting Institute 

ACO adaptive control with optimization 

AFM abrasive flow machining 


AGMA American Gear Manufacturers 
Association 


automated guided vehicle 
Aerospace Industries Association 
American Iron and Steel Institute 
abrasive jet machining 


American National Standards 
Institute 


APT automatically programmed tool 
ASP Anti-Segregation Process 


ASTM American Society for Testing and 
Materials 


atomic percent 

atmosphere (pressure) 

AWJ abrasive waterjet 

AWM abrasive waterjet machining 

AWS American Welding Society 

b crystal lattice length along the b-axis 

B grinding width 

bal balance or remainder 

bee body-centered cubic 

Bé Baumé (specific-gravity scale) 

BLU basic length unit 

BUE built-up edge 

c specific heat of workpiece material: 
cost; crystal lattice length along the 
c-axis 

CAD computer-aided design 

CAM computer-aided manufacturing 

CAPP computer-aided process planning 

CBN cubic boron nitride 

CCPA Cemented Carbides Producers 

Association 
CE carbon equivalent 


AGV 
AIA 
AISI 
AJM 
ANSI 


at. % 
atm 


CFR Code of Federal Regulations 

CHM chemical milling 

CIM computer integrated manufacturing 

CL cutter location 

em centimeter 

CM chemical machining (milling) 

CMM coordinate measuring machine 

CNC computer numerical control 

cpm cycles per minute 

CPM Crucible Particle Metallurgy 

eps cycles per second 

CPU central processing unit 

CR cold rolled 

CRT cathode ray terminal 

CSD controlled spray deposition 

CVD chemical vapor deposition 

CVN Charpy V-notch (impact test or 
specimen) 

CW continuous wave 

d depth of cut; used in mathematical 


expressions involving a derivation 
(denotes rate of change); diameter 


D diameter; distance 
Dy equivalent diameter 
Ds wheel diameter 

Dy workpiece diameter 
dc direct current 


DIN Deutsche Industrie-Normen 
(German Industrial Standards) 


DNC direct numerical control 
DOC depth of cut 
e natural log base, 2.71828 


E modulus of elasticity (Young's 
modulus) 


EB end-of-block (character); electron 
beam 


EBM electron beam machining 
ECEA end cutting edge angle 
ECM electrochemical machining 
ECG electrochemical grinding 
EDM electrical discharge mac 
EIA Electronic Industries Association 
ELI extralow interstitial 

ELP clectropolishing 

EP extreme pressure 

Eq equation 

etal. and others 

ETP electrolytic tough pitch 





f feed rate 
f feed per tooth 
F force 


F, primary (horizontal) cutting force 
F, feed force 

momentum force 

Е, normal force on shear plane 

Ем normal force in grinding 

F, radial or thrust force 

F, shear force 

F, tangential force 

fee face-centered cubic 

Fig. figure 

FMS flexible manufacturing system 
ft foot 

GAC geometric adaptive control 
gal gallon 

GPa gigapascal 

h hour 

h undeformed chip thickness; height 
HAG higher-accuracy grinding 
HAZ heat-affected zone 

HB Brinell hardness 

HBN hexagonal boron nitride 

hep hexagonal close-packed 

HIP hot isostatic pressing 

HK Knoop hardness 

hp horsepower 

HPG  higher-productivity grinding 
HPSN  hot-pressed silicon nitride 


HR Rockwell hardness (requires scale 
designation, such as HRC for 
Rockwell C hardness) 


HSLA  high-strength low-alloy (steel) 
HSS high-speed steel 

HV Vickers hardness 

Hz hertz 

IBR integrally bladed rotator 

ІС inscribed circle 

ID inside diameter 

in. inch 


INCRA international Copper Rescarch 


Association 
ipt inch per tooth 
ISO International Organization for 
Standardization 
J joule 
JIT  just-in-time 








k thermal conductivity 

K Kelvin 

K stress intensity factor 

Кі. plane-strain fracture toughness 

kg kilogram 

kgf kilogram force 

km kilometer 

KB kilobyte 

kPa kilopascal 

ksi kips (1000 Ibf) per square inch 

kV kilovolt 

kW kilowatt 

€ length 

L liter 

L length 

Ib pound 

Ibf pound force 

LBM laser beam machining 

In natural logarithm (base e) 

log common logarithm (base 10) 

LSG  lowstress grinding 

m meter 

MB megabyte 

mg milligram 

Mg megagram (metric tonne) 

min minimum; minute 

MHS material handling system 

mL milliliter 

mm millimeter 

MPa megapascal 

MPIF Metal Powder Industries 

Federation 

materials requirement planning 

MRR material removal rate 

MRS minimum residual stress 

ms millisecond 

MSDS material safety data sheet 

N newton 

N speed of rotation (rev/min); number of 

cycles to failure 

NASA National Aeronautics and Space 
Administration 

NC numerical control 

NFPA National Fire Protection 


MRP 





Associa 
nm nanometer 
No. number 


NPS American National Standard 
Straight Pipe Thread 
NPSC American National Standard 
Straight Pipe Thread for 
Couplings 
NPT American National Standard Taper 
Pipe Thread 
Dryseal USA (American) 
Standard Taper Pipe Thread 
ns nanoseconds 
OD outside diameter 


NPTF 


ODS oxide dispersion-strengthened 

OF oxygen-free 

OFHC oxygen-free high-conductivity 
(copper) 

OSHA Occupational Safety and Health 
Administration 


oz ounce 
p page 
p pitch 
P cutting power 
P, gross power 
P, specific power 
Pa pascal 
PC personal computer 
PCBN polycrystalline CBN (cubic boron 
nitride) 
PCD polycrystalline diamond 
PCM photochemical machining 
pH negative logarithm of hydrogen-ion 
activity 
PH precipitation hardenable 
PLC programmable logic controller 
P/M powder metallurgy 
ppm parts per mil 
PSA fpressure-sen: 
psi pounds per square inch 
PTP  point-to-point 
PVD physical vapor deposition 
r radius; ratio of uncut chip thickness to 
chip thickness 
R stress (load) ratio; radius; gas 
constant; resultant force 
roughness average 
maximum peak-to-valley roughness 
height 
root-mean-square roughness average 
maximum peak-to-valley roughness 
height 
ten-point height (roughness average) 
reference 
remainder 
revolution 
RHR roughness height rating 
rms root mean square 
s second 
SAE Society of Automotive Engineers 
SCC  stress-corrosion cracking 
SCEA side cutting edge angle 
SEM scanning electron microscopy 
SFFER silica-flour-filled epoxy resin 
sfm surface feet per minute 
SFR smooth face rubber 
SI Système International d'Unités 
SP specific power 
SR serrated rubber 
SUS Saybolt Universal seconds 


t depth of cut; feed or uncut chip 
thickness; time; tool lifetime; thickness 














R, 


Rmax 
Ry 
R, 


R, 
Ref 
rem 
rev 


Abbreviations and Symbols / 907 


1. chip thickness 


T temperature 


TEA triethanolamine 
TEM thermal energy method 
TIR total indicator reading 


TRS transverse rupture strength 
tsi tons per square inch 

TSR thermal shock resistance 
TWR tool wear rate 

u specific energy 

u, friction energy per unit volume 


и kinetic (momentum) energy per unit 
volume 
u, shear energy per unit volume 


UNS Unified Numbering System 

USM ultrasonic machining 

UTS ultimate tensile strength 

у volt 

V cutting velocity 

V. chip velocity 

Vp slide infeed removal rate (grinding) 

У, shear velocity 

Vs radial wear rate of grinding wheel 

Vw radial removal rate of work being 
ground 

vol volume 

vol% volume percent 

W watt 

w width; weight 

м. width of chip 

W chip weight 

WJM  waterjet machining 

WRP work removal parameter 

wt% weight percent 

YAG  yttrium-aluminum-garnet 

yr year 

Zw workpiece total volumetric removal 
rate (grinding) 

Zw workpiece unit-width volumetric 

removal rate (grinding) 

angular measure; degree 

*C degree Celsius (centigrade) 

°F degree Fahrenheit 

* direction of reaction 

divided by 

equals 

approximately equals 

not equal to 

identical with 

greater than 

much greater than 

greater than or equal to 

infinity 

is proportional to; varies as 

integral of 

less than 

much less than 





i AR її 


Nvv 


ATR 8 


A 














908 / Abbreviations and Symbols 








* less than or equal to B angle between normal force (N) and p friction coefficient 
* maximum deviati resultant force (R); shape parameter pin. microinch 
— minus; negative ion charge y shear strain; clearance angle pm micron (micrometer) 
X diameters (magnification); multiplied by — Y shear strain rate ps microsecond 
- multiplied by A change in quantity; an increment; a v Poisson's ratio 
| per range т pi (3.141592) 
% percent € strain p density 
+ plus; positive ion charge € strain rate с stre: 
V` square root of лү machine efficiency т shear stress 
~ approximately: similar to 6 edge angle; characteristic life $ shear angle 
а back or rake angle parameter; tool temperature Q ohm 
Greek Alphabet 

A,« alpha Lh: iota P.p rho 

В, В beta К, к Карра У, о sigma 

Г, ү gamma A,À lambda Т,т tau 

A, delta M,p mu Y,v upsilon 

Е, є epsilon N,v nu - Ф,ф phi 

7,0 zeta BE xi X,x chi 

H,y eta О, о omicron х,ар psi 

Ө, Ө theta П, т рі ©, ә omega 


Numbered Alloys 





M 

com osition . 736 
machining . . . .738, 741-743, 746-747, 749-758 
17-14CuMo, composition ‚736 
17-22А 

broaching . 

drilling . 
19-9DL 
composition . 
drilling . . 
machining . 












A2, Ad, AS, A6, etc. Sce Tool steels, specific 
types. 

A-286 
band sawing... 
broachability constant . 
broaching . 
composition . 
contour band sawing 


738, 756 
.200 

03-206, 209, 743-746 
mu" 736 



















drilling... ie 
electrochemical grinding . 
electrochemical machining . 
end milling. . 


face milling . 







: à .737 
machining . as ‚738, 741—743, 746-747, 749-758 
machining characteristics 
compared in table . 
milling Ф 
reaming. 
sawing. 
straddle milling 
tappin 
threading 
turning . . м 
Abrasion, definition 
Abrasive belt 
Al alloys . 
cast irons 
Abrasive cutoff sawi ing 
Al alloys . 
Cu alloys 
refractory metals 
Ti alloys .... 
Abrasive disk gri 
Al alloys ..... 
Ti alloys 
Abrasive flow 
Abrasive flow 
abrasive grains 
machines 
























process capabilities 
process characteristic flow rates . 
stock removal .. 

surface finish 








j ) 
advantages and disadvantages 














applications 
compared to sandblasting 
material removal abrasive powders 
material removal flow rates . 
material removal nozzle tip distance. . 
stainless steels . 
system components 
tolerance and finish 
Abrasive machining methods 
and milling operation . .. . 
surface alterations produced 
Abrasive processes 
‘Abrasive processing 
‘Abrasives, drilling 
‘Abrasive tumbling 
Abrasive waterjet machining TAWIM) See also. 
Waterjetlibrasive waterjet тас! fining. 509 
carbon and alloy steels . 
compared to friction band : sawing s 
MMCs .... 393-894, 806, 897 
stainless steels. 
Abrasive wheel grinding, y 
Abrasive wood/plastic composites, 
diamond for machining . 
Abusive drilling . . 
Abusive grinding . 
Acetone, milling of WC - 
Acrylic plastics, tools for shaped tube 
electrolytic machining . 
Acrylonitrile rubber, maskant material for 
chemical milling of Al alloys . 
= tive control (AC) 
adaptive control with bed (ACC) 
system... eene 619, 620, 622-624, 625 
adaptive control with optimization 
(ACO) system. . 619-620, 621-6: 
CAD/CAM/CIM vatur integration 














































compared to СМС. . 618 
computer-integrated manufacturing (CIM) .. 624 
control systems 618-619 
geometric ada 

system . . 619, 621, 624 
tool life 


7618, 621, 622, 623. 624 
1624; 625 





B tool: s 

high-speed tool steels used. 
AF2-1DA, thread grinding 
Agate, honing stone selecti 
Aircraft engine components, surface finis! 








тедшгетет......................... 2 
AiResist 13 
composition . "S ИНК. |, 
machining . . 738, 741-743, 746-758 
AiResist 213, 


machining . .738, 741-743, 746-747, 749-758 
AiResist 215 












erus for electrochemical 
machining . 

Alloys, high-temperature 
cemented carbide machining 
and surface integrity... . 

Alloy steels. See also Carbon and alloy steels. 

4000. 5000, 6000, 8000, and 9000 series .... 
















cermets and ргооуїпа............ 
cermets and threading 
cermet tools for milling 
contour band sawing . 
cutting fluids used 
drilling ..... 
gear shaving with high- speed steel 
tools ..... 
grinding by CBN wheel 
high-speed machining . 
hobbing with high- speed steel tools . 
honing 
machin: 
milling . 
photochemical machining 
rough and finish cutting of bevel gears 
shaping gears with high- speed steel 
tools. ‚ 
thread grinding... 
turning . . 
Alnico, honing stone selection . 
«-А!,О, (white ceramic) .... 
Alumina. See also Aluminum oxide. 
grinding w wheels for W 
lapping 
ultrasonic machining 
unfused abrasive for lapping 
Alumina-base inserts, high removal rate 



















































machining . 608 
Alumina-titanium carbide (black ceramic 


composite) . .98, 99 
laser-enhanced у 576 


Alumina zirconia, 
98, 99, 432, 434, E 





abrasive . . 
Aluminum alloys 
abrasive belt grinding.: 











abrasive cutoff sawing 800 
abrasive flow machining 57 
bar vs tubing . 

boring. 


162, 768, 771-772, 777-778, 791. 39 
broachability ‘constant РА 
broaching . ‚20: 









cemented carbide tool Ше. 
ceramic cutting tools applied 


cermet tools applied . 
579, "SRI S86. Pon 


chemical milling . 
chip formation .. .761, “765, 769— 115, 120 un 








chips for machinability matings. 
circular sawing - 

classification system . 
coated carbides for machining « 
compared to gray iron . 
contour band sawing 
contour milling 




















counterboring. ы 
cutting fluids «125, 128, 761, 765-766, 
769-795, 800-801 
763-764 





cutting force and power. 
cutting speed......... 76 
diamond tools for machining 
die cutting speeds . 
die threading ..... 
distortion and dimensional variation . 
drilling . . 220-231, 237, 766-769, 77: 
drilling/countersinking . . ........ is 
drilling in automatic bar and d chucking. 
machines 78 
electrical фїзсһаг 
lel ocheinicel grinding 








E. 
710-772 
785, 791 








910 / Index 


Aluminum alloys (continued) 
electrochemical machining . . . 
electroforming in EDM . 
electron beam i machining. 
end milling . . ..325, 16-167, 77 


533, 534, 535 
560 






784— 4-787, 790-795 
. 788-789, 791, 793, 795, i 


face milling . 
fillet ratio . 

flaking during rolling - 
friction band sawing - ee 
general machining conditions . ....... 764-765 






















grinding. . 541. 14, 783, 792, 798-802 
grinding fluids -802 
grinding wheel core materi US 
gun drilling. 





69, 778-779, 78 784. Ue 
heat treatable 761 
high removal rate machining 
high silicon-content alloys. Sce Aluminum 
alloys, specific types (380, 200) 
high-speed machining ...... 597, 598, 600-604 
high-speed tool steels used - 57, 58, 59 
honing . . 472, 477, 484, 775, 801. M 
honing stone selection . 
horns for ultrasonic impact | 
machines . 
lapping . 
laser beam machining 
machinability ...... 
machinability grouping - 
machinability ratings . 
machining problems, sources o 
melting point . 
metal removal rate 
milling 3 



























































n 
NÉ machining operations .. 
overheating . . 

PCD tooling appl 
peck drilling . 





588, 589, 590, 591 





. 184, 773, 778 
РМ, chips Versus processed wrought 
chips 
power band sawing . 





power hacksawing 
fewer кшен 
pure A 

TUNE 


roller burnishing 


shaping 
simultaneous honing of ‘Al and gray iron . .802 
skin milling . . = T 
slotting. . 

soft spots . 
spade drillin, 
spar mill defect 
specific power . .. 
strain-hardenable alloys . 
and sulfur compound: 
Харріпр.......-- 
tapping, cold form 
thermal energy method of deburring. 
thread grinding H 
threading ...... x 
threading using ra ial ci 
thread milling . . 
thread rolling . ... 
tool design . . 766. 
tool life ..761, 764-765, 768-772, 775-785, 797 
tool material . 
turning . ... 























бет, 7777 
YAG. Sess ТО 
Aluminum 


A140, macl 










уз, speci 


pecific types 

ining... 771—774, 776. 777, 779, 781, 

782, 786, 788-790, 795. 796, 798-800 

201, machining... 771—774, 776, 777, 779. 781. 
782, 786, 788-790, 794-796, 798-800 


208, machine 763, 771-774, 776, 777, 779, 
„782, 786, 788-790, 794—796, 798-800 

212. contour band sawing ..363 
763, 79. AO 716, 777, 779. 

„ 788—790. ., 798-800 
763.7 771-774, ia ne TH, 719, 
794-796, 798-800 


at iz 716, 777. 779, 781, 
790, 794-7 798-800 














Je. The 
788-790, 794-796, uu 





242, machining 


781, 782, 
A242, c] rating. 7 
295, ае 763, 771 7774.776. 
781, 782, 786, 788-790, 794-796, 798-800 
B295, machining . . .763. 771-774, 776, 777, 779. 
781, 782, 786, 788—790, 794-196, 798-800 
308, mica. .163, 711-774, 776, 777. 779, 
781, 782, 786, 788—790. 794-796, 798-800 
312, contour band sawing 363 
763, 768, 771. 774, 


319, machining . 
“776, 771, 779, 781, 782. 786, 
788-790, 794-796, 798-800 
328, machining 771-774, 716, 772. 179. 781. 
782, 786, 788-790, 794-796, 7 
A332, machining . ..763, 771-774, 776, TIN. 
781, 782. 786, 788-790, 794-796, 7 
F332, machining . .. 763, 771-774, 776, 777, 779, 
781, 782, 786, 788-790, 794-796, 798-800 
333, machining. .163, 771-774, 716, 777, 779, 
782, 786, 788-790, 794-796, 798-800 
eis? pu m 

















Е 
. 788-790, 794-796, 79 
2168. 771-074. 776. 777, Т, 
2, 786, 788-790, 794-796, 798-800 
C355, machining . ..763, 771-774, 4 T8 T T79. 
781, 782, 786, 788-790, 794-796, 798-800 
356, img .163, 771-774, 716, 777, 779, 
781, 782, 786, 788-790, 794—796. 798-800 
A356, machining. ..763, 771-774, 776, 777. 779, 
781, 782. 786, 788-790, 794-796, 7 
356-TS1, power requirements... s 
357, machining.. . .763. 771—774, 776, 777, 779, 
786, 788-790, 794-796, 794-800 
A357, mac 2 у rating . 
H358, machinability rating . 
359, mach 163, 771-174, 776, 771. 779. 
781, 782, 786, 788-790. 794-796, 798-800 
360, machining . . 763, 771—774, 776, 777, 779. 
781, 782, 786, 788-790, 794-796, 798-800 
A360, machining, . 63 7712774, 716, 771, 179, 
781, 782, 786, 788-790, 794-796, 798-800 
364, machinability тайпа, 
380, machining . . 363. 640, 763, 768, 771-774, 
716, 777, 719, 781. 782. 
786, 788-791, 793-800 
A380, machining, 763. 771-774, 776, 777, 719. 
782, 786. 788-790, 794-796, 798-800 
383. machining: T1714, 7%, 771, 179. ТЕП, 
782, 786, 788-790, 794-796, 79 
384, machinability rating -- - - 27163 
а machining 77.994, 776. 771. 779, 781. 
782. 786, 788-790, 794-796, 798-800 
Sie 640, 763, 765, 768-777. 
779-3783, 786-800 
cess + 643, 763, 895 














































763, 771-774, 776, 771. 779, 
286, 788-790, 794—796, 798-800 

A413, machining. . .763, 771-774, 776, 777, 779, 
781,782, 786, 788-790, 794-796, 798-800 

443, machinability rating - - 
B443, machining. . 771—774, 776, 
782, 786, 788-790, 794-796, 798-800 

C443, machining . . .771—774. 776, 777, 779, 781. 
"782, 786, 788-790, 794—796, 798-800 

A444, machinability rating 1763 
514, machining... 763, 771-774, 776, 777, 779, 
781, 782, 786. 788-790. 794—796, 798-800 
ASIA, machining . . .763. 771—774, 776, 777, 779, 
781, 782, 786. 788-790, 794—796, 798-800 
























B514, machining . . .763, 771-774. 776, 777, 779, 
781, 782, 786, 788-790, 794-796, 798-800 
F514, machinability rating - 
1.514; machinability rating. - 
518, machining . . 763, 771, 772, 776, 779, 781, 
782,760, 788-790, 704, 796, 800 
520, machining. ..763, 771-774, 776, 777, 779. 
781, 782, 786, 788-790, 794-796, 798-800 
535, machining . . 763, 771-774, 776, 777, 779, 
781, 782, 786, 788-790, 794-796, 798-800 
A535, machinability rating . ‚763 
B535, machinability rating. . 
Rie machining... 763, 771-714, 776, 777, 779. 
781, 782, 786, 788-790, 794-796, 798-800 
707, machining ...63, 771-774, 776, 777, 779, 
781, 782. 786, 788-790, 794-796, 798-800 
A712, machining . ..763, 771-774, 776, 777, 779, 
781, 782, 786, 788-790, 794-796, 798-800 
C712, machinability rating 
D712, machining. ..763, 77 76, Th». 
78L, 782. 786, 788-790, 794—796, 798-800 
713, machining; 263, 771-774, 776, 777, 779. 
‚ 782, 786, 788-790, 194-196, 798-406 
750, cnr fand Save .363 
771; machining; 771. 774, 
782, 786, 7H 190, TII, ША 
850. machining. 765. 771-374, 176, 117, 779, 
781, 782, 786. 788-790, 794—796, 798-800 
А850, machining, 763 771-774, 716,777, 779. 
2, 786, 788-790, 794-796, 798-800 
B850, machine 163, 771-774. 776. 777, 779, 
781, 782, 786, 788-790, 794—796, 798-800 
1060, machining. 162, 771-714, 776, 777, 779, 
781, 782, 786, 788-790, 794—796, 798-800 
1100, machining . . . .. .. 15. 762, 764, 771-774, 
76, ЭТУ, 781. 782, 786; 
788-790, 794-796, 798-800 
1100-H12, typical chips for machinability 
rating . E 
1145, machining. 7712974, 776,777. 779. 781, 
782, 786, 788-790, 794-796, 798-800 
1175, machining . „771-774, 776, 777, 779, 781, 
782, 786, 788-790, 794-796, 798-800 
1235, machining. 271—774, 776. 777, 779, 781. 
782. 386. 788-790, 794—796, qd 





























2011. machining. А 
E 







2011-T3, machining 
2014, тасһїлїпр.._............. 762, 771-774, 


788-790, 794-796, Tics 
2014-Т6, broaching . . 
2014-T6, chemical milling . .. 
2014-T632, turning . : 
2017. machining . 





282, 1 . 
776,777, T, 781, 782, 786, 
788-790, 794-796, 798-800 
2017-T4, machining . . . .763, 764, 780, 782 784 
2018, machining. .771— 774, 716. 177, 779, 781, 
782, 786, 788-790, 794-796, 798-800 

2021, machining ..771-774, 776, 777, 779. 781. 
782, 786, 788-790, 794-796, 798-800 

2. 762, A 771-774, 





2024, machining . 





2024T, drilling ..... х 
2024-73, chemical milling. 
2024-14; machining . .. 15, 761, 764, *X 2 





2024-351, power requirements . .765 
2024-13511, chemical milling ... .. 584 
2025, machining . .762. 771-774, 7%, 777, 779, 
781, 782. 786, 788-790, 794-796, 798-800 
2117. machining . 762, 771-774. 716, 777, 779. 
781, 782, 786, 788-790, 794-796, 798-800 
2218, machining . .762, 771-774, 776, 777, 779. 
781, 782, 786, 788-790. 794-7! ‚ 798-800 
‚585, 762, 771- -774, 776, 
777, 779, 781, 782, 786. 
788-790, 794-796, 798-800 
2219-T37, chemical milling 584 
2219-T87, chemical milling . . 584 








2219, machining . . 





2618, machining . .762, 771—774, 776. 777, 779. 

781, 782, 786, 788-790, 794-796, Be 

3002, machinability rating . 

3003, machining ...... 762, 764, 771-774, ле 

777, 779, 781, 782, 786, 

788-790, 794-796, 798-800 

3004, machining . .762, 771-774, 776, 777, 779, 

781, 782, 786, 788-790, 794-796, 798-800 
3004-H32, typical chips for machinability 

rating ө 

3005, machining 771—774, 776, 777, TB. 78. 

782, 786, 788-790, 794-796, 798-800 

4032, machining asta 762, 764, 771-774, 776, 

777, 779, 781, 782, 786, 

788-790. 794—796, AA 








4153, broaching . . 
5005, machining . .762, 771-774, 776, 777, T» 
"781-782, 186, 788-790. 794-796, 798-800 
5050, machining . .762, 771-774, 776, 777, 779, 
781, 782, 786, 788-790, 794-796, 798-800 
5052, machining ...... 762. 764, 771—774, 716, 
777,719, 781, 782, 786. 
788-790, 794-796, 798-800 
5056, machining . .762, 771—774, 776, 777, 779, 
781, 782, 786, 788-790, 794-796, 798-800 
5056-H38, chips difficult to control....... 764 
5083, machining . .762. 771—774, 776, 777, 779, 
81, 782, 186, 788-790, 794-798, 798-800 
5086, machining; 762, 771-774, 776. 777, 779, 
781, 782, 786, 788-790. 794-796, 798-800 
5154, machining . .762, 771-774, 776, 777, 779, 
781, 782, 786, 188-790, 794-796, 798-800 
5252, machining. .762, 771-774, 776, 777, 779, 
81, 782, 5, 788-790, 794—796, 798-800 
5254, mashing. .162, 771-774, 776, 777, 779, 
781, 782, 786, 788-790, 794-796, UMS 
5257, machinability rating . 
5357, machinability ratin; p 
5454, machining . .762, 771-774, 776, 777, 779, 
781, 782. б, 788-790, 794—796, 798-800 
5456, machining . .762, 771—774, 776, 777, 779, 
781, 782. 786, 788-790, 794-796, 798-800 
5457, machining . .762, 771—774, 776, 777, 779. 
781, 782, 786, 788-790, 794-796, 796-800 
5557, machinability rating . 
5652, machining . .762, 771—774. 776, 777, 75 
781, 782, бб, 788-790, 794-796, 798-800 
5657, machining . .762, 771—774, 776, 777. 779, 
781, 782. б, 788—790. 794—796, 798-800 
m US a Dope m ЫР 
machining . . 
782, 786, 788-790, Lou 79 800 
6061, machining . .762, 764, 771-774, 776, 777, 
779, 781, 782, 786. 788-790, 
794—796, 798-800, 895 
ОСТ, 237 
6061-76, machining ..... 15, 58, 600, 761, dd 
6061-T651, power requirements ...... 
6063, machining . .762, 771-774, 776, 777, 75. 
781. 782, 786, 788-700, 794-796, 798-800 
6066, machining. .762, 771-774, 776, 777, 779, 
781, 782, 786, 788-790, 794-796, 798-800 
6070, machining. 762, 771-774, 776, 777, 779, 
781, 782, 786, 788-790, 794-796, 798-800 
6101, machining. e 796,777. Р. 781, 
2, 786, l , 798-800 
6151, machining. .762. 771-774, 776. 777, 779, 
781, 782, 786, 788-790, 794-796, 798-800 
6253, machining . . 771-774, 776, 777, 779, 781, 
782, 786. 788-790, 794-796, 798-800 
6262, machining .......... 762, 764, 771-774. 
716. 777, 779, 781, 782, 786. 
788-790, 794-796, 798-800 
6262-T9, machinability of hexagonal nut . . 764 
6463, machining . .762, 771—774, 776, 777, 779, 
781, 782, 786, 788-790, 794-796, 798-800 
6951, machining . .762, 771-774, 776, 777, 779, 
781, 782, 786, 788-790, 794-796, 798-800 
7001, machining . .762, 771-774, 776, 777, 779. 
781, 782, 786, 788-790, 794-796, 798-800 
7004, machining . 71-774, 776, 777. 779. 781, 
782, 786, 788-790, 794-796, 798-800 
7005. machining . .762, 771-774, 776, 777, 779, 
781, 782, 786, 788-790, 794796, 798-800 
































7039, machining . .771—774, 776. 777, 779, 781. 

782, 786, 788-790, 794—796, 798-800 

7049, machining . „771-774, 776, 777, 779, 781, 

782, 786, 788-790, 794-796, 798-800 

7050, machining . .771-774, 776, 777. 779, 781. 

782, 786, 788-790, 794-796, 798-800 

7057-T6, high-speed machining ..603 
7072, chemical milling 803- 

762, 771-774, 776, 777, 


7075, machining . . 
779, 781, 782, 786, 788-790, 
794—796, 


„ 798-800, ү 
7075T, coatings and tool life . 
7075-T6, machining . . .583, 584, 585, E pi 


7075-T651, milling 
7079, machining . 7762, TH 774, 716, л "779. 
781, 782, 786, 788-790, 794-796, 798-800 
7175, machining . 771—774, 776, 777, 779, 781, 
782, 786. 788-790, 794—796, 798-800 
7178, machining . .762, 771-774, 
781. 782, 786, 788-790. 
8280, machina! 





















2: 
777, 779, “781, ‚782. те 
788-790, 794, 795, din 
F132-TS, power requirements. ........... 
Hidu: im RR-350, 
227712774, 776, 777, 779, 781. 
(2, 786, 788—790. 794—796. 798-800. 
Aluminum hydroxide, used in chemical 
treatment before disposal ..... 131 
Aluminum nitride (AIN), additive io SIN, "100 
Aluminum oxide (ALO,). . .......29.98, 99, 101 
abrasive cutoff wheel machining of 




















and abrasive flow Jani 
s уе for an irons 

abrasive for Et 
abrasive for d 














and jet machining . 3 513 
abrasives . . .. 102, 430-434, 440, 448. 453-456. 

463, 467-468 
abrasives and tool grinding 450 







жые 100 
639, 656 
..652 


additive to SiN, ... 
coating for carbide tools . 
coating for cemented carbides 
compared to CBN abrasive 








grinding wheels for Cu alloys 
grinding wheels for heat-resistant 

alloys 
ind wheels for Ni alloys 
grinding wheels for refractory metals 
grinding wheels for stainless steels . 
grinding wheels for thread grinding - 
grinding wheels for Ti alloys . . . . 848-849, 850 
grinding wheels for tools machining 

Mg alloys ............ 

















grinding wheels for tool steels . . 727, 728, 732 
grinding wheels for Zr . 54-855, 856 
and high-speed machining .602 





honing stones . 475, 476, 477, 478, E 
inclusion for stainless steels 
and Mg alloys 
primary applications . 
softening point .... 
tool material for machining cast 
irons . 
tool material properties 
ultrasonic machining abrasive slurry 
Aluminum o carbide 















+651, 652, 656 
107 












(ALO;-SiC) . 
Aluminum oxide-silicon 
carbide (whisker-reinforced 
ALO,-Si,C) . 99-100, 102-103 
machinability . 639. 640, 646 





turning heat-resistant alloys .740 


Index / 911 


Aluminum oxide-titanium carbide 
{ALO,-TiC) .99, 100, 101, 106 
coatings on ceramics . , 1103 
gray iron metal removal rates 
ground by diamond wheels reii 
machinability 639, 640, 646 
tool material for high removal rate 
machinin; 
tool material for machining c 
irons . 
tool material properties . 
turning heat-resistant alloys . 
Aluminum oxide-titanium oxide 
(ALO,-TiO), ceramic .................. 98 
Aluminum oxide-zirconium oxide 
(Al,0,-Zr0,) . ө 
ceramic 
grinding wheels for heat-resistant alloys . 
Aluminum sulfate, used in chemical treatment 
before disposal . 131 
AM 100A, contour b: 
AM-355, broaching 
Ame in Iron and Steel Institute (Al 
classification system for 
high-speed tool steels . 
American National standard taper 
pipe threads (NPT) ................... 301 
American Society for Testing 
and Materials (ASTM), 
ASTM A297 ..738, 741-743, 746-747, 749-757 
ASTM 351... 738, 741-743, 746-747, 749-757 
ASTM А608 . .738, 741—743, 746-747, 749-757 
ASTM grade HW, composition 37 
ASTM grade HX, composition 
requirements for high-speed tool steels 
Specification А600-79 
standards for metal cutting and 
grinding fluids . 
Ammonium bifluoride, chemical milling 
etchant. 
Ammonium chioride, photochemical 
machining etchant 
Ammonium persulfate, photochemical 
machining etchant 
Ammonium salts, photochemical machining 
etchant... ......+ 
AMS 4925 Ti, broaching 
5668 s 












































Anisotropy 
Anti-segregation 
high-speed tool 
steel grade 23 
steel grade 30 
steel grade 60 
steel grindability 
AR 213, composition 
Arc deposition, and drilling . - 
Armor plate 
drilling...... 
Hy 80, milling. 
Hy 100, milling - 
wrought, milling 
Asbestos, drilling . . 
Asbestos board, waterjet тапар. 
ASEA-STORA process ..... 
Assembly 
fixtures . 
NC implemented 
Astroloy 
composition 
drilling... 
machining 
sawing .. 
thread grinding 
Atmosphere heat 
steels 





igh- 
осме (АЅР) 
steel bend testing 




























Auger analy у: 
Autaniated hatch manpfactüring бузіна 
Automatically programmed tool (АРТ) language. 
Sec Numerical control. 
Automatic bar and chucking machines . 
Al alloy drilling . 778, 78 
Al alloy reaming 
boring .... 
Cu alloy machining 








912 / Index 


Automatic bar and chucking machines (continued). 
die threading . 
Monel R-405 for high production rates. 
muliiple-spindle bar and chucking 
376-378 
Mi 





machines 
reamers . 
roller burnishing . к 
single-spindle automatic Баг and chucking 
machines . -371-374 
thread. rolling . 
vertical multiple-spindle automatic chucking 
machines . 378-379 
Automatic lathes . .. . . 153-158, 367-: 3 
single-spindle automatic lathes 367- 
Automatic tool lifters, shaping 
AZ 31B-92A, contour band saw 



















B-1900 
composition 
machining 

Babbitt, and broaching . 

Backoff angle, broaching . 

Back rake angles 

esis 

Ball milling 

Ball sizing: 

Band sawing. Sce Sawing 

Bar (screw) machines, See also АШНЫ bar 

and chucking machines. 

Batched production, fixturing . 

Bearing races, microhoned . 

Bench lathes ............ 

Bend fracture strength, CPM alloys . 

Bending, multifunction machining . 

Bend testing . . 

Mium all 
к: emical mill 
cold isostatic pre: 
cutting fluids . 
electrochemical g . 
electrochemical machining 
etching and heat treating 
grinding pum 

ealth concern: 
hot isostatic pressing 
material considerations 
milling ........- 
photochemical machining 
properties affecting its handling 
sawing . . 
sintering . 
surface damage . 
surface finish . 
tool life 
10015... 
transverse tensile properties . 
trepanning 
turning. 
vacuum heat treating 
vacuum hot pressing. . 
Beryllium alloys, specific types 

































‚18, 143, 162, 175, 1 
iov 






















Be-Cu 476, 588, 590 
Be-Ni, milling 233 
Select 865 Be, composition . 870 
S65 Be, composition 870 





S65 Grade S200E, tr: 
properties .. 
S65 Grade 131 
properties 
Beryllium nitride 
Beryllium oxide . 
Bevel (extruding) angle, threas 
rolling . ...282, 284, 287, 
Beveling, multipie-operation machining . 
Biocides, and cutting fluids . 
Bismuth 
additive for improved machinability of 


erse tensile 



















stainless steels .............. 685, , 688 
additive for improved machinability of 
[ EQ IDEE TO 125, 673-677, 


content additions to P/M material 
in free-machining metals ...... 
Black oxide, coating for taps, Ti alloys. 






Borazon, abrasive for ECG . 
accuracy of form and diameter 
adapters 
aircraft engine components, surface finish 


requirements . М 
Alalloys ..... 768, 771-772, 777-778, 791, 797 
-170,171 















bars 

carbon and alloy steels 
cast irons . 
cemented carbides used 
ceramics used . 
close tolerance 
compared to broaching 
compared to grinding. 
compared to honing . 
compared to reaming 
composition and hardness of workpiece . - 
control of vibration and chatter ......1 
Cu alloys 
cutting fh 
cylinder block 
equipment use 
finish machining . - 
fixtures EY = 
heat-resistant alloys . 
high-speed tool Sisi. 
in conjunction with 





















broaching . 194, 195, 209-210, 211 
in conjunction with 

drilling 214, 216, 218, 219, 221, 235 
in conjunction with milling ..... 304, 306, 329 





in conjunction with tapping 
in conjunction with turning . 
inertia-disk damper 
in machining cente 
jig machines and milling . 329 
machines . 1, 160-161, 212, 223, 252 
Mg alloys £826, 821-823 
mills . ‚ 170, 240, 473 
MMCs ..896 
monitoring systems . 
multifunction 
















































machining. . 366-368, Эц, 378-380, 384 
NC implemented 613, 614 
Ni alloy: ..837 
number perations . 168-169 
pilots and supports . 162-163 
plug dampers . 171-172 

M materials 


speed and feed. 
stainless steels . 
surface finish . 
taper. 
tool design . 
tool life... 

too] materials . 





and transfer machine: 


workpiece configuration . 1166-168 
workpiece size . 164-166 
zirconium 52, 853, 856 


Zn alloys 
Boron. See also Cubic boron 
additive to stainless steel 
machinability 
cemented carbides 
impurity in diamond 
Boron carbide 
abrasive for lapping . 
for truing of CBN grinding wheels . 
honing stone selection 
in abrasive flow тас! 























Box milling, in conjunction wit в. 
Brass. See also Copper alloys, specific types. 
broaching. . ‚ 204, 206 
carbides for machining 
cermet tools applied . - 
diamond abrasive for honing, 
drilling N 









EDG wheels 







..565 
558, 559, 561 
electrochemical machining . .540 
electrochemical machining 
tool .... 
form turning 
free-cutting . 
hardness and density of 
honing stone selection . 
lapping process ..... 
lead and sulfur content and flaking . 
milling with PCD tooling . 
multipoint cutting tools used . 
photochemical machining 








. 533, 536, 537, 541 
..38] 

















planing... 184 
radial tangential turning 11380 
reaming 339, 247, 248 
sawing . 362 
shaping 191 
shear stresses and HP . ‚15 
spade йгїїт&..... 225 
specific energy factor: 18 

359 


tapping... -+ 
tapping, cold form 
thermal energy meihod of deburring .. 577- ES 
thread milling мА 

thread rolling . 




















turning оре 
turning with PCD tooling. . 
ultrasonic impact grinding m; 

tools . 
wire for traveling-wire EDM 

Bridge reamers . 

Brinell hardness . 
Al alloys . 
PCBN tools 

Broaches ... 
burnishing 

coatings and increased tool life 
high-speed tool steels used 
TiN coatings . 
types of.. 

Broaching . 94-211 
aircraft engine components 

requirements . 
Al alloys . 
applicability 
broachability со! 
broach breakage causes and prevention 
broach length selection . . 
broach life affected by work metal and 

hardness .208 
broach repair . 
burnishing . 
cast irons .... 
cemented carbi 
chip breakers ........ 
compared to shaping an 

slotting 
Cu alloys 
cutting fluid 
dimensional accuracy . 
fixtures . 
and gear manufacture . 
heat-resistant alloys. 
horizontal broaching 

machines " 
in conjunction with boring . 
in conjunction with drilling 
in conjunction with turning 
machines ........... 196-200, 202, 203, 206 
and пыс of eral gears. „339-340 
Mg alloys . .823 
and milling . 
monitoring systems . 
and multifunction machining 
Ni alloys 
P/M high- 
pot broaching machines . 
power requirement deter ii 
selection of broach length . 









































tool steels applied - 1166-67, 68 
: -<= 199, 200 





selection of stroke зреей................ 
stainless steels . 693-695, 700, 701, M 
strip broaching 
stroke speed selection . 



















surface alterations produced. 23 
tool design. 

tool Ше. .199-200, /302- 203, 204, 208, 209 
tools... 


196-197, 199, 200-203 
77 


tool steels — 
199-202, 203 


types of broaches 








vs alternative processes . 209-210 

vs planing н ..186 

vertical broaching machines .... 197, 198, 208 
Bromine, etchant for laser-enhanced 








etching 
Bronze. See also Copper alloys, specific types. 
broaching . . i 
cermet tools applied . 
diamond as abrasive for ‘homing 
drilling . 
ECM to 
grinding w 
uide shoe material for honing 
igh-speed machining . 



















| 536, 537 
" 


hone forming ..... 488 
honing stone selecti 476 
lapping . 499 
planing, 185 

УМ material 882 
roller burnishing 254 
sawing . 362 
shapin 


spade КЕТЕ 
superabrasive wheel bonds 
tool bit tool steels used . 
turning with cermet tools 
Buffing 
Burnishing 
compared to reaming 
in conjunction with thread rolling 
to improve surface integrity . 
and transfer machines . 
Burring, multifunction machinin 
Butyl rubber, maskant material for сһетіса! 








[^^ eee rrr rra nA imer tre rece 803 
с 
C1, C2, C3, etc. See Carbide tools, specific 
CADICAM applications 627-636 
advantages . 633-634 






analysis benefit " 
analysis capabilities function 
Automatically Programmed Tools (A. 

part program . 627, 629, 631, Pn 635 
benefits .... 630-631 
bill of material HE 77] 
CAD to CAM interfaces 633-634 
computer-aided design 


5 сер 
















...627, 629, 635, 636 
computer-aided manufacturing (CAM). . ..627 
computer-aided process planning 





(CAPP) 5уз!етз.................. 628-629 
computer-aided numerical control 
(CNC . 634—635, 636 
.629, 633, 635 
2.24.4633 





) 

cutter location file (CL) 
data base , 
direct numerical control (DNC). 
distributed numerical control 
drafting function . . 
finite-element model analysis 
function of a CAD/CAM system . 
hardware components . 
improved accuracy ben 
inspection function . 
Machine Control Data ( 
Machine Control Unit (MCU) memory: 
machines programmed 
Materials Requirement Planning (МЕР)... 
minimum hardware requirements in NCC 

machining . . z 
NC machines 
NC part programming . 


















NC part programming benefit 631 
part machining function 
part programming function . 
postprocessor 
process planning function 
program verification function 
tool design benefit 
understandable drawings benefit . 
CAD/CAM/CIM systems 
Calcium 
cations important for water quality 
of cutting fluids . . . 
deoxidation of stainless steel 
deoxidation treatment of turned steels 
gray cast iron content . 
Calcium carbide . 
Calcium carbonate, and water quality 
of cutting fluids . 
„ precipitates and turning of 
carbon steels . 
Cannula tubes, abrasive flow machining . 518, 519 
Сары drilling (CD). 509, 551-553 
acid .551, 552, 553 
551 





































equipment and i 
limitations . . 
process capal 3 
process parameters . 
Carbides. See also Carbide 
carbides. 
abrasive flow machining . 
compared to ceramics . 
diamond as abrasive for honing 
electrical dischai M rinding .. 





476 
‚565, 566, 567 





electrochemical discharge 
rinding. «$48, 549, 550 
grinding by superabrasives .....432, 433, 437 










[ud by diamond wheels 

oning grit size selection 
in high-speed tool steel 
in cast irons . 
locating. points Tor. shaped tube 

electrolytic machining . 

Carbides, coated . 

boring heat-resistant alloys 

cast iron machining . . 


.455, 461, 462 














machinabili 
rimary applicatio 
[n materials machining 


Carbide tools 
162-164, 166, 168-169, 171-173 
71, 





boring tools .. 
boring tools for Al alloys. 
boring tools for Cu. 

boring tools for heat-resistant alloys 
boring tools for refractory metals 
boring tools for tool steels . 








broaching ........ 197, 200-202, 203, 206, m 
broaching tools for Al alloys . 715, 779 
broaching tools for Cu alloys .Bl3 














circular saws for Al alloys . 
circular saws for Cu alloys 
circular saws for Mg alloys .. 
compared to cast Co alloy tools . 
compared to TiN-coated tool steels 
counterboring tools for cast irons 

counterboring tools for Mg alloys 
counterboring tools for refractory metals . . 860 
disposable tools ...l48, 150, 155 

2 





drills for cast irons 
drills for Cu alloys 
drills for heat-resist 
drills for MMCs .... 

drills for P/M materials 
drills for refractory metals . 
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drills for Ti alloys . 
drills for tool steels . 
drills for uranium alloys 
drills for Zn alloys . . 
electrochemical grinding - 
end milling 
end milling-slotting tools for refra. 
metals 
end milling tools for Al alloys . 
end milling tools for cast irons. . 
end milling tools for Cu alloys . 
end milling tools for heat-resistant alloys 
end milling tools for Mg alloys. 
end milling tools for Ti alloys 
end milling tools for tool steels 
face milling tools..........+ 
face milling tools for Al alloys . 
face milling tools for cast irons 
face milling tools for Cu alloys . 
face milling tools for heat-resistant alloys . . . 
face milling tools for Mg alloys ...... 827 
face milling tools for refractory metals 
face milling tools for Ti alloys ..... 
friction coefficient and specific power 
gear hand finishing 
ground and shaped with diamond 
wheels. 
gun drill 
pun drills for Mg alloys 
igh removal rate machi 
high-speed machining . 
hollow milling tools for 
indexable їпзепїз............... 
machining parts tested when made 
high-strength steel grades . 679 
а ree ore co SAIS 3 


































milling Al alloys . . 


milling cast irons . ‚ 661 
milling cutters for Cu alloys . 816 
milling cutters for Hf . . .856 
milling cutters for MMCs 898 


milling cutters for refractory metals 
milling cutters for stainless steels 
milling cutters for Ti alloys 
milling cutters for tool steels 
qaulliple-cperabion: machining 
369, 380, E 386, 388-389 
peripheral end mill tools for refractory 
m. 


metals 
peripheral end mili tools for Ti alloys 
peripheral milling of Mg alloys . 
planing tools ......... 184, ra 
planing tools for Al alloys А 
planing tools for cast iroi 
planing tools for Cu 
planing tools for Hf . 
planing tools for heat- 






































power band saws for MMCs 
Teamers . 240 
reamers for alloys . 





reamers for cast iron: 
reamers for heat-resistant alloys . 
reamers for Mg alloys . 
reamers for P/M material 
reamers for refractory metals 
reamers for stainless steels 
reamers for Ti alloys 
reamers for tool steels 
reamers for Zn alloys . 
shaping and slotting operations 
shaping tools for Al alloys 
shaping tools for Hf 
spade drills . 
spotfacing tools for cast irons . 
spotfacing tools for refractory metal: 
taps. 

tip drills 
trepanning tools for refractory metals 
tool grinding 3 
tools солу N-coated tool steels . . 58 
tools for adaptive control . 618 


turning 
.43, 145, 148, 150-152, 154, 156-159 


tools . . 
turning tools for Al alloys . .770, 774, 775, 776 














914 / Index 


Carbide tools (continued) 
turning tools for Be alloys. . 
turning tools for carbon and alloy 











steels . x .670, 673 
turning tools for cast irons.. <. . 1653, 654, 658 
turning tools for Cu alloys... ....809. 811, 812 
turning tools for Hf. i56 


turning tools for heat-resistant alloys 
turning tools for MMCs 

turning tools for Ni alloys 
turning tools for refractory metals 


turning tools for stainles: 
692, 693, 099 697 
846, 847 










steels... 
turning tools for Ti alloy: 
turning tools for tool steels 
turning tools for uranium alloys. 
turning tools for Zn alloys 
twist drills . а 
wear pads . 

Carbide tools, specific 

С-1, counterboring tools for refractory 

met 
C-L, drills 
C-1, planing tools for cast irons 

















Be 29 

















C1; spotfacing tools for refractory 
metals . "i н 5 
С-1, tools гоп machining. . . .656, 657 
м .855 


C-1, tools for Hf ...... 
C-1, tools for refractory metals 
С-1, tools for Zr 
C-L, turning tools for Zr . 
C-2, boring tools for Al alloys . 
C-2, boring tools for Cu alloys . 
C-2, boring tools for heat- Tess tani alloys ig 
C-2, boring tools for refractory meta 
C2; circular saws for Al alloys . . E 
C-2, counterboring tools for carbon steels 251 
С-2, counterboring tools for cast irons . . . .660 
€.2' counterboring tools for heat-resistant 
alloys „752 
C2, counteraorIne tools for refractory 
metals . E. 
C22. drills . 233, 234, pas 21 
C-2, drills for cast irons 
C-2, drills for heat-resistant alloys.. 
C-2, drills for refractory metals 
C-2, drills for tool steels . 
C2; end milling tools . 
C-2, end milling tools for c: 
C2. end milling tools for heat-resistant 
alloys . 
C2, face milling tools. 
C-2, face milling tools for Al alloys 
C- 2 face milling tools for cast irons . 
C. face milling tools for heat-resistant 
alloys .... 
C2, face milling tools fo 86: 
C-2, face milling tools for Ti alloys 848, 850 
С-2, gun drills for Al alloys «itl 
C-2, hollow milling tools for refractory 
metals ....... 
C-2, milling cutters for AÌ alloys . i 
C2 milling cutters for refractory metals 864 
C-2, milling cutters for stainless steels .. . 699 
C-2; milling cutters for Ti alloys 
C-2. oil hole or pressurized cool 
for refractory те!аїз.................. 
C2, peripheral end milling tools for Al 
WG женйнде икин він 786-787 
C22, peripheral end milling tools for 
refractory metals . 
C2, peripheral end milling tools for Ti 
alloys. s 
C2, 
C2, Paing tools for cast irons. 
C-2. reamers for Al alloys. . 
C2; reamers for cast irons .... 
C2. reamers for heat-resistant 






































































C2, reamers for Ni alloys. 
C2: reamers for refractory metals 
C2, reamers for stainless steels . 

C2; reamers for Ti alloys . 
C-2; reamers for tool steels 
C2; spade and gun drills for 


C-2, spade drilling tools for Al alloys . . 
C2, spade drills for refractory metals . 
C2: spotfacing tools for carbon steels 
C2. spotfacing tools for cast irons 
C2, spotfacing tools for heat-resistant 
alloys y 
C-2, spotfacing tools for refractory 























metals . .860 
C-2, tools for Al alloys . .767 
C-2, tools for cast irons . . 656, 657 
C-2, tools for Hf » 855 


C2. tools for plas 
C-2, tools for refractory metals . 
C-2, tools for Ti alloys 
C-2, tools for Zr . 

tools . 
tools for refractory 






C2, turning 

C2; turning tools for Al alloys . É 

C-2, turning tools for cast irons 651, 652, 653 

C-2; turning tools for Cu alloys 81 

С-2, turning tools for heat-re: 
alloy s 

C22, turning tools for MMCs.. 

C22; turning tools for Ni alloys 

C2, turning tools for refractory metals . .. 858 

C-2, turning tools for Ti alloys .84 

С-2; turning tools for Zr 

C43, boring tools for Al alloys 

C33, boring tools for Cu alloys 

C-3, boring tools for heat-resistant 
alloys . . 22:142 

C-3, drills. 

C-3, end milling-slotting 

C-3, face milling tools for refractory 


C-3, planini 
C3 fons for Al alloys . 























































turning tools for Al alloys - 
3, turning tools for cast irons . 
3, turning tools for Cu alloys . 
C-3, turning tools for heat-resistant 
alloys 
C-3, turning tools for 1 
turning tools for uranium alloys . 
turning tools for Zr 
, boring tools for refri 
C-4; grade Carbaloy 999. 
C-4, grade Teledyne HF 
C-4, tools for cast irons 
C-4, tools for refractory metal: 
С-4; turning tools for Be alloys . 
C4; turning tools for refractory metals . ..85 
C-4; turning tools for uranium alloys .....875 
C44, turning tools for Zr . 
C-5. climb milling tools foi 
alloys . 
С-5, rli. 
C.5, electrochemical discharge grinding 
10015. 
7.5, end milling tools 325,3 
end milling tools for cast irons . .663, 664 
ing tools for heat-resistant 




























ng 
C-5, planing tools for cast irons 
C-5, slab milling tools . 
C$. tools for cast irons 


y: 
gé boring tools for heat-resistant alloys 742 
electrochemical discharge grinding . . 
is „323, А? 








C6, milling tools for stainless steels 
C-6, planing tools for cast irons . 
C6, planing tools for heat-resistant alloys 28 
C6, reaming tools for Ni alloys ......... 
C-6, spade and gun drilling tools for Ni 

alloys .... ..839 
C^, tools for cast irons 











C-6, trepanning tools 
C-6, turning tools . " 
C-6, turning tools Tor cast irons. 
C-6, turning tools for heat-resistant alloys B 
C-6, turning tools for Ni alloys , 








179 
145, HM 
653 













С-6, turning tools for uranium alloys . 59 
С-7, boring operation . . 164 
C-7, tools for cast irons . „ 657 
C-7, turning tools . 145 
C-7, turning tools for cast irons 653 


С-7, turning tools for heat-resistant alloys 741 
C-7, turning tools for Ni alloys . .838 
C-7, turning tools for uranium т alloys MS 
C-8; boring tools 164 
C-8, boring tools 

alloy: 8. 
C-8, tools or cast irons 
C- eee turning tools for heat-resistant 

alloy: s 
cs. Шр tools for Ni alloys; 
C-10, tools for Hf .. 
C-10; tools for Zn . 
C-11, tools for Hf. 
C-11, tools for Zn . 

Carholoy 883, cutting tool materi 

refractory metals... n... seese .863 

Carbon 
content affecting broach life . 
content in carbon ste: 
content in P/M materials 


content in stainless 
steels. NM 684, 5% 689, 690 
сомеп їп 708, 726, in 
content related to fla 
double carbides (т phase), 
in cast Co alloys 
in CVD process . 
in commercial CPM tool steel 
compositions . 
in high-speed tool steel. 
in P/M high-speed tool steels . 
Carbon dioxide lasers. Sec Laser beam 
machining. 
Carbon fiber 
abrasive waterjet machining . 
PCD tooling .... 
Carbonitride cermets 
Carbonitriding, and drilling operation 
Carbon steels and alloy steels 
abrasive waterjet cutting 
annealing process 
automatic screw m; 























p 
149-150, 358. 
. 884, 887, 888, 889 










































bainite 67, 669, 
bevel gear rough and finish cutting те 349 
boring 163, 164, 668 





Ca treatment for deoxidation . 
cementite . 
cermet tools 
chip formation 
classification into 3 groups 
coating of tools 
cold form tapping . 
composition percentages 
contour band sawing . 
cutoff band sawing . 
cutting fluids . 
cutting speeds . . 
deformation zones... 
drill eccentricity test. к 
drill force test sai 

222, 9-232, 237, 673—675 























125, 677, 691 
668, 678, ud 

















drilling... 

ductile fracture ....... 669 
electrochemical grinding 677 
end milling . 325 
feed and cutting forces compared ........764 
feed and metal removal rates compared. . .764 


ferrites ... 
gear shaping. 
gear shaving 
grinding . . 





био 669, 671—672, 674, «B5 









laser cutting 
leaded or resulfurized . 





machinability 
machinability testing 
machinability test matrix . 





668, 669-670, 671 
а 677-680 








martensite Far 667, 
mechanical properties compared. 
microcrack formation . .669, 672, 


microhoning . . 
microstructures 
microvoid coalescence . 
milling 
multifunction machining 
normalizing . 
pearlite . 
photochemical machining - 
planing. . 
plunge test 
power requirements ~ 
rephosphorized steels 
resulfurization . . 
saw bands 
sawing. 
shaping . 
shear formation . 
slab milling 
spheroidizing 
surface finish . 
susceptibility to seamin 
tapp 
thread grinding 





1386, 2: 

















670. 672. $5; es 
556. 260, 262, 263, б 
















threading , . E 
thread. rolling . 282, 288, 290, 292-293 
tool life . 669-673, 675, 677, 679 





turning .. 144, 146-147, 149, 668-673, 675-676 
twist drill geometries 674 
Carburization 


tool steels, high-speed - 
Carburizing, and drilling 
Cardboard, carbides for machining. 
Cast alloy tools 















cast iron machining 656 
Ni alloy machining 1837 
turning Ti alloys . 846 
Cast cobalt alloys 

hot hardness values compared . . 2269 
machining of Zn alloy: E 
processing... 69 
properties and applications 169-70 
Tantung 144. “69-70 
Tantung 






9—70 
tools. .69, 70. sh 654 
Cast Co-Cr-W alloys, for planer tool 183 
Cast irons. See also Ductile irons; 


Gray iron: Malleable iron; 
‚ 184-185, 648-665 
663-664. 





Мойнак iro 
abrasive belt grinding 
abrasive machining . . .648 
acicular structures . ‚ 648-649, 650 
alloying element effect on machining. 

characteristics 
annealing treatment 
austenite . 
bainite . 
borin; > 
Brinell hardness ind 
broaching. . ..197, 2 
carbides 
cemented 
centerless roll lapping 
ceramic cutting tools . 
cermet tools applied . 
chill 
chill cast iron rolls ..... 
coated carbide tools .. 
compacted graphite . 
counterboring .. 
cutting fluids 1125, 651-652, 654, бз 
cutting speed related to tool life 
cylindrical grinding........ 
diamond as b for honing . 
drilling . 218, 219, 226-230, 
dry machining . 
ductile iron machining characteristics - 
electrochemical grinding . . 
electrochemical machining ^ 
end milling.............. i 





































































face milling . 
ferrite. 
friction band sawi 









n n maclinlug characteristics - “649-651 
ooo 112; MT, a 
fae shoe materiais for honing 
hardi 





machinabilit 
machine lapping between plates 494—495, ed 
malleable iron machining characteristics . . 
martensite . prr 
.650 
40 











matrix microstructure effect on tool life 

microhoning . 

microstructure effect on 
machinability 



















milling . 660-661 
PCBN tooling used , 112, 113, 115 
pearlite 648, 649, 650, 652 
planing 184, 185, 657, 659-660 
reaming . 


«239, 245, 659 

roller burnishing . 252 
sand content. 
shaping . 
shifting or swelling of castings 
shrini 
silicon carbide for abrasive on oning 

stones . 
spade drilling 
spheroidite . 
steadite 
surface grinding 
tapping .. 264, 266. 
thermal energy end E Bp detur fing 
threading 
thread milling 
tool bit tool steels used 
tool life . 
tool materials. 






















turning . 
WC-Co tools.. 
white iron . 
Cast steels 
септе! tools for milling . 
high-speed tool steels used . 
tool bit tool steels used . 
tool steel alloys used . х 
Caustic soda, etchant for chemical milling of 
aluminum alloys ..... 803 
CB-752, elect 1 discharge 
CBN. See Cubic boron nitride. 
Cemented carbides 
Al,0,-coated tool 
irons . 
classification оГ. 
coated carbide tools 
Co-bonded, properties 
compared with cermets . 
compositions and microstructures 
compressive properties . 
cutting tools . . 
density property 
fracture toughness р! 
grooving operation 
hardness proj 
indexable carbide inserts 





- 112, 115, 535, 648-649, FN ‘os 
















































machinabilit 639 
machining appl 
manufacture of. 31-72 


milling . . 
primary applications . 
property test methods . 
thermal shock resistance 
tool holding 
tool life . . 75-76, 81-82, 85; 87, 88, iio, ЮН 
tool wear mechanisms . 
transverse rupture strength 
Centering, multifunction machining. 















Index / 915 


Centerlss grinding, See Grinding 









Ceramics ..2, 98-104 
abrasive flow machining . 517, 519 
abrasive jet machining 511, 512 
applications... 2101-103, 639 
boring 





101, 162 
cartes for mi hining.. xoc ane 
cast iron machining 
coated . 
compared to high-speed tool steels . 
cooling effects of cutting flui 
cutters, high removal rate тас! ining . 
cutting fluids 
diamond as abrasive for honing . 
drilling .. dt 
edge preparation and machinabilily . 
electron beam machi mii 

.102, 432. dn 
































grinding . 
grinding wheel core material 456 
ground by CBN wheels . 455 
ground by diamond 

wheels.............455, 460, 461, 462, 463 
high-speed machining ..... .604 
honing 11472, 476, 477, 4% 
indexsble inseri willing callers 









































lapping . .. 792,98, » 

laser-enhanced etching 5 

milling . . 

PCD tooling . по 

production proi .98 

properties . 101 
100 


Si N,-base tool materials. 














thermal shock 102 

thread grinding. 27] 

tool geometrie: 101 

tools and machinability . 

tools for boring . .714 

tools for turning 

tool steels 7M 
els 468 
101, 146, 150, 151 

turning of AI allo: T" 


turning of heat-r 
turning operation . 
ultrasonic machining 
waterjet machining 
wcar mechanisms 
wear resistance . 
Ceramics, whisker-r 
Cermets. 
applications . . . 
cast iron machining . 
compared with cemented carbides 
composition and microstructure . 
groovin; 
malleabl le cast iron machi 














threading 
tool life. 
turning... 
ium 
CeO, . 
CeO, 
gray cast iron content 
oxide, abrasive for lapping à 
SiCeON . . 
Chamfer angles 
and die threading.. 
thread rolling 
Chamfering . ^ 
in conjunction with boring . 


in conjunction with 
drilling . 215, 216-217, 221, 222, 235 


€ 


























in conjunet urning .. 135, 138, 157, 158 
multifunction machining . . paaa ИЙ 
Channeling, in conjunction with milling . ....308 





Charpy C-notch impact, CPM alloys 20265 

Charpy C-notch impact energy, СРМ Rex 20 
compared to M42 ... 

Chasers. See Thread chasers. 

Chemical blanking. See Photochemical 
machining. 

Chemical contouring. See Chemical milling. 








916 





Index 


Chemical machining (CM). See also Chemical 

milling. E 
4340 steel surface characteristics 
and fatigue strength 
and postprocessing . . - 
surface alterations produced 
surface integrity effects in material 























removal processes 28 
Chemical milling (СНМ). Sec also Chemical 
machining. . 09, 579-586 
advantages and 
Al alloys . . 802. a 
applications 1579; 584-586 





Be alloys .. 
chemical leaching 
chem-mill quality . 


.871, 872-873 
586 


equipment 
etchants . 
etchinj 
historical development . 
hydrogen absorption . 
masking .. 
MCAIR proce: 
mechanical properties of machined 
arts. 583-584 
military spe 5 
minimum residual stre: 
MC 
























Ni- and Co-base alloys . 
precleaning . . 

process characteristics. 
process defects 
refractory metals 
scribing 
steels 
surface finis| 
Ti alloys .. 


triethanolamine (TEA) addition 
t, 





Chemical vapor leposition (CVD) process . 
application of coatings to cemented 
carbide: 
cemented 
cemented phone 
and drilling А 
Chemietching. See Chemical milling. 
Chem milling. See Chemical milling. 
Chipboard, milling with PCD tooling . 
Chip breakers. See also Chip control 
formation, 
boring . 
and bro: 
cast irons . 
drilling 
milling 
Ni alloys 
stainless steels 
irepanning.. . 
Chip control. See also Chip breakers: - 
Chip formation. . . .. . * 
adaptive control implementation . 
boring . 
broaching . 
cast irons 
cemented carbides 
drilling . . 19, 221, 222, 224, 22! 9 
electrical discharge machining . 
and fixturing . 
grinding and abrasives 433, 434, “437, 
and grinding of steel gears 
high removal rate machining. 
honing 
milling 
multifunction machining .. . 
Ni alloys 
planing 
reaming . 
sawing 
tapping . 
thread grinding 
trepanning . . 







































256, 357, 259, 261, 
à . 178, 180 


and truing and dressing of grinding 
wheels 466, 467 
turning 9 
Chip сш 
Chip formation. See also 
Chip control. 

Al alloys . 












analysis . 
broachii 
carbon and alloy pe 
carbon steels and drilling 
characteristic types 
Cu alloys....... 
cutting parameters 
energy ...- 
frets coeffici 
high-speed machining . 
and machinability . 
Mg alloys . 
P/M materials . 
P/M tool steels. 
power consump! 
































processe: 17,18 
properties and their effect 10 
reaming 239 





stainless steels 
stress distributions in metal cuttin 
uranium alloys 
Zn alloys ... 
Zr reactive metals 
Chips, continuous 
Chips, discontinuous 
Chlorate, sodium, electrolyte for 








lecirochemical machining. ...533, 535, 536 
Chloride, electrolyte for Ni alloy 
electrochemical machining ............ 843 


Chlorine 
cold im tapping . . 
and 







in thread. grinding oils 
Chlorine compounds, and stress c 
Chromalloy, broaching . 
Chromic A photochemical machining 

chee Vskedusas VEWE 4e Via nm e ne 593 

Chromit 

aloe with Ni.... 

cast iron content . 

content in saw bands . 

content in stainless 


















steels 681, 682-684, 685, 686 
content in tool steels affecting 
grindability 727, 729, m 





electrochemical grinding 
in cast Co alloys ..... 
1 CPM tool sie 
































positions ....... 
he aped tool steels. 
low-alloy steels 
in P/M high-speed 
in tool steels 






Chromium iren rolis, TPCBN. cutting tools . 
Chromium-nickel alloys, milling 
Chromium plate 
broaching . . 
diamond as abrasive for honing . 
















machines (chuckers) . . 136, 140, 


boring . 
die threading 
reamers . 














roller burnishing . 252 
tapping. . : 2% 
Circular sawing. See Sawing. 
Climb milling 
carbon and alloy steels .615 
MMCs. 900 
refractory 


Ti alloys. 
Zn alloys 


for high-speed machining . 

for turning ........ 

Cobalt 

addition to complex metal 
carbonitrides 

binder for WC 






















cemented carbide machining applications . . 86 
cemented carbide thermal properties . . 8182 
content in tool steels .708 
content in WC, PCD toolin; 110 
effect on tool steel grindability . 726 
electrochemical grinding . ‚543 
enrichment of tools. 82-83 








in commercial CPM steel 
compositions 
in CPM Rex 76 
in milling cutters 
in P/M high-speed tool steels 
in TIS and M42 high-si ced tool steels . ud 
in tool material for drilling 234 
milling with PCBN tools 
solvent/catalyst of diamond . 
See Cast cobalt alloys; 











Cold Ды ceramics . 












Cold-work finishing processes 
Cold-work tools, ASP steel grades 

application . 6l 
Collet-type machin 

operations . . 


Colmonoy, honing stone selection . 
Commercial salt bath hardening, high-spee 
steels... 
Composites. See also Meial-matrix composites. 
ground by diamond wheels 
machinability test matrix 
reaming of Ni alloys .. ч 
Computer-aided design and computer-aided 
manufacturing. See CAD/CAM applications 
in machining. 
Concrete 
diamond for machining 
ground by diamond wheels 
Consolidation at atmospheric pressure (CAP 











Contour band sawi 
metal-matrix composites xus 
stainless steels ......- А 705 

Contour boring machines 

Contouring 
in conjunction with drilling . 
in machining centers. . 
multifunction machining 

Controlled spray deposition (Єр). 

Copper айоуз.. 
abrasive cutoff . 
addition affecting stainless steel 

machinabilit 
alloyed with Ni. 
alloying element effect on 

machinability . 
boring . . 
broaching - 
carbides fo hining. 
centerless grinding . 
cermet tools applied 
chip formation .. . 













О, 
805-819 
. 818, 819 








.689, 690 
835 

















circular sawing. 
classification int 
cold form tapping . 
cold work effect . 

content additions to 
contour band sawing ... 
Cu gone as electrode material for 





.817-818 
...B05 





3 subgroups - 









Cu-infiltrated iron 
Cu-Te and EDM . 
cutoff band sawing . 360 
QURE Lis Hu» 159, 808, 811, 814-815, 817 
Cu-W and Е! ..558, 559, 560 
Cu-W, tool for Мек) machining.. 536 
cylindrical grinding . 818 
diamond for machining. 
drilling . 226, 229, 230, 237, а 
dry machii 2 
electri I discharge 
machining .. 
electrochemical grinding. 5.547 
electrochemical machining | з, 537 
electrochemical machining removal rates 534 
electron beam Siam. 
end milling . 
face milling . 
free-cutting x 
free-cutting, die cu 
friction band sawing . 
grinding. . 
prinding flu 
igh-speed machining 
hone forming . 
honing .. 
internal grinding 
knurling 
lapping . 
lead effect on machinability 
machinability ratings and variations . 
microdrilling . 
milling . . 110, 312, 313, 314, 327 47, ШЕ 
multiple-operation machining - 
PCD tooling spell tion 
photochemical machining . . 587, 588, bo 10 
photochemical machining etchant. . . 590, 591 
815, 816 
1810-81, HE 




































































peripheral milling 
planing . 
power band sawing 
power hacksawing. 
Teaming . 
recessing 
roller burnishing . 
sawing 
shaping . 
shear stres 
slab milling 
slitting 
Sn effect on machinal ility 
spade drilling . . 
specific power . 
sulfur effect on b rr 
surface finish . 
surface grinding 
tapping .. 263, 
Te effect оп machinability........... 805—808 
temperature distribution and МНЕ 

of Al bronzes 












248, 812-813, 814, as 
15-816 

















threading . . 
threading operation and circular 

chasers 297, 298 
tool design. 809-810, 811, 812 
tool for electrochemi 

machining . 536, 0 





tool life 
turning . 1135, 809-810, 811, ш 
turning operation with cermet tools 
turning operation with PCD tooling 
water-base cutting or grinding fluids 
Zn effect on machinability 
Copper alloys, specific types 
90-10 Cu-Ni, посте machining . . .588 

C10100-C 10800 (oxygen-free 
809, 810, 811, 813 


„ composition and machinability 
WRGRE eS ER uS HIS WS UU as Rae 806 














363 
8 


.806 
537 





C11000, composition and machinability 
rating 
C11000, material for ECM tools . 
C11300-C11600 (Ag-bearing ETP Cu; 
composition and machinability rating . . 806 
C12200 (phosphorus-deo; ш), 
composition and machinability rating . . .806 
C12500-C13000 (fire-refined ETP Cu), 
composition and тас! y rating . . .806 
C14500 (Te-Cu) .323, 324, 35, 815 
C14500, composition and machinability 
і 806 


537 
325 







































C16200 (Cd-Cu), composition and 
machinability rating 
C16500, com 


CI7300 (Be-Cu) 
С17300, composi 
rating 
CI7500 (io 
machinability rating . Е 
C18200-CI8500 (chrome Cu), composition 
and machinability rating . d 
С18700 (leaded Си). . 24, 3 
CI8700, composition and machinabiity 
rating . ы 
С18700, electrochemical machining. 
C18700, end milling . 
18700, face milling . 
С18700, slab milling . 
C19000 (high-Cu alloy), composit 
m nay rating . 

















.806 
1 .323, 324, 325 
С19500 aire composition and 


а T 
C21000 (gilding, 9552) 
machinability rating . 
22000 (commercial bron: 
C22000, composition and machina 
ratini 


C22600 | (jewelry bronze), compositi 
machinability гайпа.................. 
€23000 (red brass, 85%), composition and 
machinability rating ....... ..806 
24000 (low brass, 80%), compos 
machinability rating . . 
C26000 (cartridge brass, 70%), ‹ composition 
and machinability rating . 
C26000, electrochemical machi, ing 
C26800-C27000 (yellow brass) . 
C26800-C27000, composition and 
machinability rating 806 
C28000 (Muntz metal, 60/40 brass) 808, 809, 811 
C28000, composition and machinability 

































g 
С31400 (leaded commercial Р), 


C31400, composi 
rating 


C33500, composition and machina iliy 
rating .. 
C34000 (mi 
C34000, compo: 

rating .... 
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C34200 (high-leaded 

brass) . 323, 324, 325, 815, 817 
34200, composition and machinability 

Dos NR 06 
34900 (brass) | 323, 324, 325 
€34900, composition and machinability 

rating . B 
C35000 3 
C35300. 23, 32 
C35600 (extrahigh-leaded brass) 323, 32 
C35600, composition and machinability 

ils; MENU, 
C36000 (free-cutting brass) . 
СЗ, composition and mach ability 


















6000, emi hining........537 
C36500-C 36800 (leaded Muntz 

[LT 323, 324, 325 
€36500-C36800, composition and 

machinability гайпа.................. 806 
C37000 (free-cutting Muntz 

metal) 323, 324, 325 





37000, composition and machinability 
rating ,.806 
37709 (forging brass +323, 325, 814 
€37700, composition and machinability 
rating . + 
C38500 (architectural bronze) 1324, 325 
Сю, composition and machinability 

















cái 100" (Lubaloy), composition and 
machinability rating . 
C42500-C43500 (Sn bra: 
machinability rating . 
C44300-C44500 (inhibited admiralty), 
composition and machinability Sing... 
C46400 (naval brass), composition an 
machinability rating 
C46400, electrochemical ч 
С46500-С46700 (naval brass), comp: 
and machinability ratin; 
C48200 (medium-leaded ni 
TT 323, 324, 325 
and machinability 
806 


4, 325 

















ie 
48500, composition and machinability 
rating... 
€50500-C53400 (phosphor bronze), 
composition and machinability Tating j .806 





















C51000 (phosphor bronze) . . . . ..361 815 
54400 (free-cutting phosphor 

bronze) 323, 324, 325, 363 
С54400, composition and machinability 

rating . ‚.806 
C60800-C61000 (AI bronze) 813, 814 
C60800-C62400, composition and 

machinability rating . 2000.806 
C61400 (AI bronze, D). .361, 363 


C62300-C62400 (АІ bronze) .... .323, 324, 325 
62500 (Ampco 21, Wearite 4-14), 
composition and machinability rating . . . 806 
C63000 (Ni-A bronze), composition and 
machinability rating ‚806 
С63800 (Coronze) . 324, 325 
C63800, composition and machinability 
rating . 
C63900 (Al Si 
machining... 
C64200 (Al bron: 












rating 
C65100 (low-Si bronze, В), composition 
and machinability rating . .806 
C65500 (high-Si bronze, A), c 
and machinability rating .806 
C65600 (high-Si bronze, D) .36l 
C66100 (leaded Si bronze D), composition 
and machinability rating .806 
C67500 (Mn bronze, A) . 
C67500, composition and machinability 
rating 
C68700 (Al brass), composition and 
machinability гайпа.................. 806 
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Copper alloys, specific types (continued) 
'68800 (Alcoloy). composition and 
machinability rating 

C69400 (Si red brass s 
С69400, composition and | 



























rating . i м .806 
C70600 (Cu-Ni, 10%), composition and 
machinability rating ..806 
C70600, electrochemic: 57 
С71000 (Cu-Ni), composition and 
machinability гайп.................. 806 
30%), composition and 
y rating . vs 
tin-bearing), omposition 
mac! ity rating >», э» 806 
€74500 (Ni-Ag, 65-10), composition and 
machinability rating .................. 806 
€75200 (Ni-Ag, 65-18), composition and 
machinabilily rating .................. 806 





C75400 (Ni-Ag, 65-15), compo: tion and 
machinability rating ..... 

C75700 (Ni-Ag, 65-12) 

C75700, composition and machinabiity 










сй ‘81100 (Cu), composition and 
achinability rating . 


m: 
C81300-C82800 (Be-Cu), composition and 








machinability rating . 7 
C83300-C83800 (leaded г 5 
composition and machinability rating . . .807 
C84200-C84800 (leaded semi-red brass), 
сон апа machinability rating . . -807 
'85800 (leaded yellow brass). 
ion and machinability rating . . 807 





CHG100-CH6800 (Mn bronze). composition 
and machinability rating . 807 
€87200-C87400 (Si bronze). 
and machinability rating 807 
€87500-C87900 (Si brass), composition 








and machinability rating ‚807 
С90200-С91700 (Sn bronze), composition 

‘and machinability rating .............- 807 
92200 (Navy M bronze), composition 

and machinability rating .............. 807 
C92300 (Navy G bronze), composition 

and machinability rating . 807 





C92500-C92800 (leaded Sn bro 
composition and machinability rating . 
€93200-C93900 (high-leaded Sn bronze). 
composition and machinability rating 
€94700-C94800 (Ni-Sn bronze), composition 
and machinability rating ...... 807 
С95200-С95500 (AI bronze), gomposi ion and 
machinability rating . vee 807 
C95600 (Si-Al bronze) . 817 
C95600, composition ant 


..807 

















rating . 807 
95700 i (Mn-Al bronze), composition and 
machinability rating . ..807 





C95800 (propeller bronze). 
machinability rating . 
C96200-C96400 (Cu Ni), composition and 
machinability rating . . 
C96600 (Be cupro-Ni), 
machinability rating . 
C97300-C97400 (leaded Ni 
composition and machinability "rating . . 807 
€97600-C97800 (leaded Ni bronze), 
composition and machinability rating . . .807 
€99300 (Incrament 800), composition and 
machinability rating 
g, PCBN cutting. tools 
ing, compared to reaming 
Coring operation, in conjunction with 
broaching 
Corrugated board, waterjet machining 
Corundum, abrasive for lapping... 
Coulombic sliding friction . 
Counterboring 
Al alloys .. 
































cast irons .... ‚..660 
heat-resistant alloy: «751, 752 
in conjunction with boring 1168 169 








in conjunction wi 



























-214, 219, 221, 222, 228 
.823, 8 


Speed and feed. 
tools . 
Counterdrilling, in conjunction with drilling 
Countersinking 
in conjunction with drilling 
speed and feed 
tools . 
Counterweighting, and turning - 
CPM. See Crucible Particle Me 








Creep-feed grindi 
Critical stress intensity factor, cemented 

carbides . 
Crocus (iron oxide), natural abrasive. 


78-79 
434 
5-526 
g.. 138 








Cross drilling, in conjunction wi 
Crucible Particle Metallurgy (CPM) 


process . 
bend сае strengths . 
CPM allo; 
Charpy пок Impact , 
hot hardness . . 
lathe tool test resuits . 
temper resistance . 
Crush rolls for thread 
applications 


advantages of abrasives in prec 
production grinding. 
applications 
atom arrange! 
Borazon (trade name). 
Borazon grinding wheels for machining 
ТОУ tool steel. ..... 
boring heat-resistant alloys . 
boring of P/M materials . 
compared to AO, abrasive 







grinding 462, 464, 465 
compared to di mond. 
concentration affecting tool life of ‘grinding 
wheels . 464 


conditioning 

dressing methods . 

finish machining of hardened steels and 
irons. .... 





loy: 
grinding wheels for tool steels . . 724, 7 730 
high-speed mach 
honing of P/M materials. ...... © OL 
in honing stones 476, 477, 478 
insert for turning fiber FP Al metal-matrix 
composite . ..898 
laser beam machining . 
machining of P/M materials . 
machining parameters 
milling . 
milling operation eli 
PCBN and copy turning 
PCBN and facing . 
PCBN and grinding. 
PCBN and grooving 
PCBN and mil 
PCBN and threading 
PCBN rough machining applications 
PCBN tool life її 
PCBN wear resis 
polycrystalline abrasion resistance 
polyerystalline cubic boron nitride 
(PCBN) . i 




























. 105, 106, 107 





polycrystalline cutting tools . 
rough machining applications 
softening point . 
superabrasive . 











tool geometries  - 
toolholders for soli 


tool life and grit sizes of grinding 



























wheels. . 457, 462, 469 
tool material for machining cast 

irons . 651, 654, 656 
tools for high removal rate e machining . . 608 
tools for turning. .... e 08 
truing methods 466-467, ee 





truing parameters 
turning of Be alloys . H 
turning of heat-resistant alloys 
turning of P/M materials 
wear resistance....... 
wear resistance of PCBN . 
Cupric chloride 
photochemical machining 
etchant . 
Cutoff tools 
coatings and increased tool life 
multifunction machining . . . 
Cutting fluids 
affecting die threading accuracy and 


finish . UE 
AI alloys . 761, 765-766, 769-77; 775, 
27100, 784-790, B 























NL 

205, 206-208 

and built-up edge: .40, 121, 122 
carbon and alloy steels . 677 


cast irons . 
and chip formation ..... 
chlorine prohibited when mach 
contour band sawing 

cooling 

Cu alloys . 
drilling. . 


651-652, 654 
121 





end milling 
filtering . 
functions 
and gear cutting . 
grinding... 

gun drilling . 
heat-resistant alloys 











Hf machining . . . 
high-speed machining . 
influencing output . 
and lubrication . 
and machinability ratings 64: 
. 820-823, 825, 826, 828, $29 
„320, 321, 322, 327-328 
. 384, 386, 392, 393 
.836-837, 838, 839, 
840, 841, 842-843 
302 





i2i- dA 





multifunction machining 
Ni alloys 





pipe threading 
and planing . 
reaming. .. 
removal to avoid stre 









‚ 245, 246, 247. "S 
corrosion . * 








roller burnishing 3 
sawing systems . 358, 360, 361, 362, 363 
shaping .... 191, 192 
soluble oil emulsion . 301 
stainless 

steels... .. 691-698, 700, 701, 703-704, 705 


sulfurized cutting ой. 
sulfurized oils. 

and surface integrity . < 
tapping .. 
threading 
thread rolling . 










MMC EO 
1257, 259-265, 267 


trepanning . 
turning... 
uranium alloys 


‚143, 14, 154-159 
1874, 875, 876, 877 








Zn alloys 
Zr machining 
Cylindrical grinding. Sec Grinding. 


831, 832, 833, 834 
..855 





D 

DI, D2, D3, D4, etc. See Tool steels, specific 

.203, 209 
2.13 





types. 
D-979, broaching 















and electrochemical machining .. 
thermal energy method (TEM). 
Decarburizati 
TIC сой... ...›.. 
tool steels, high-speed 
Degussit . 
Diamond .. . 
abrasive applicati 





abrasive for honing stones 
abrasive for lapping 

applications . 
atom arrangement . 
bonded, in honing stones 
compared to CBN . 

core drills for ultras 

















machining . . 
electrical discharge grinding . 1107-108 
for orifice of waterjet nozzles . 

Етїпїїп.............. 421-422, 423, 424, 5 














grinding of electronic ceramic: 
grinding of 52100 bearing steel 
and grinding of gears . . 
grinding wheels and their selection 
АН е fiow machining . . 
indexable-insert milling cutters 
in honing stones . ‚476, 477, 478, 19 
machining parameter: 
PCD (polycrystalline diamond) 
PCD, grinding of . . 
PCD abrasion resistance 
PCD and boring, Al alloys 
PCD and rinding. Al alloy: 
PCD and face mil ling AI all 
PCD and grinding wheels, Mg alloy 
PCD and gun drilling. “Al ‘alloys ..... ч 


PCD and machining Al 
alloys . 66, 767, 792, 793. 797-800 
PCD and machining, Cu 
рне ИИА 809, 811, 813, 816 
PCD and machi ing, “Mg alloys .821, 827 
PCD and machining, Zn alloys 32 
PCD and sawing EIU 
PCD and turning, 
767-769, 774. 775, 776, 1 


alloys... 
106-107, ui 
























PCD applications. 
PCD cutting tools 
PCD machinability 
PCD routing . л 
PCD Syndite microstructures, 4 different 
grades . а. 
Рр tool fabrication . 
single-crystal tools 
softening point 
superabrasive . 





















EN 





superabrasive tool grinding 

synthesis ... 
synthetic 
thread grinding wheels . 
tool geometries . 
tool life... 
truing device in 
truing methods... 
truing parameters . 
wear resistance... 108-109, 111, 
wheels for electrochemical grinding 
wire guide, EDM 

Diamond tools 
grinding. Ti alloys . 
honing, P/M materials . 
milling... 














iE 
542 








sawing, honeycomb structures . 
Diapers, baby, waterjet machining 
Dies. See also Die threading. 
adjustable solid . 
adjusting screw type. 
8. 

















nonadjustable solid 
‘one-piece nonadju: 
self-opening 
self-opening and tools for pipe reading. ue 
self-opening revolving . 297 
self-opening stationary . 297 
solid. 
solid vs self-ope 
panning: type adjustable . 
threading. See also Dies. 
DAT and finish 
Acme threads 
AI alloy: 
automatic turret lathes . 
by a single-point tool 
by grinding .. 
chamfer angles 
E clearance . 
collet-type machines. . 
compared to thread rolling . 
composition and hardness of work 
factors that influence output 
lead control d 
Mg alloys . 
Миа, 
threading speed. 
A lection of machine . 
single-chaser threading. 
single-point tool 
solid dies 
stainless steels . 
taper threading of рі 
threading to a shoulder 
thread size . 
tool life . 
tools for pipe threading 
turret lathes . 





































8-39, 296-297 
„ 698, 700-701 
...301-302 








ee UTE 743, 746-747, a 












machining . . 
Dislocation stacking fault energy 
Dislocation theory 
Distortion 
measurements . М ^ 2 
and residual stre: .25 
Double-end boring machines 171 
and boring....... -168 
Dovetails, BU V planing 186 
Drill-and-reamer combinations. 241, 245 
Drilling. See also Drills; Drill pre 212-238 
adaptive control implemented 622, 623 





-.766—167, 769, 775, 776, 778, 
780-782, 782-785, 790-791 
bench drilling machines 212-213, 235, 23 

carbon steels А 
cast irons .. 


Al alloys ...... 

















cemented carbide tools . 
ceramics ... 
and chip formation . 
and chip formation anal 
and chip removal. 





.375, 377, 386 
. 805, 808, 811, 812, 813-816. 

flow recommendations . 127 
cutting fluids . „125, 126, 127, 229-230 
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deep hole, and cutting fluids used . 
deep-hole drilling machines : 
dial-index machines ...... 
dimensional accuracy of holes 
drill life variables .... 
drill point modifications 
drill selections . ... 

drill types 
fixtures . 
gang drilling machines 
general drill classification . 



















workpiece and cost . 1-233 
ап! alloys .. 746-750, 751 Ж 
horizontal multiple-station machines . 
in conjunction with boring .  . ...160, 168, [t 
in conjunction with 

broaching .............. 
in conjunction with honing . 
in conjunction with lapping . 
in conjunction with milling 
in conjunction with tapping к 
in conjunction with trepanning.. . 175 
їп conjunction with turning . 140, 153, 154 
in conjunction with ultrasonic machining , .530 
indexable-insert drill: Ы 
іп machining centers 
in transfer machines 
machines and production reaming . . . .239— 
Mg alloys ‚821—822, 823-824 
MMCs ‚ 895, 896, 900, 901 
monitoring sys 414, 415-417 
multifunction 

machining 366-367, 368, 374, bat in 











































multiple-spindle machines 
Ni alloys as, B37, 838, 839 
numerical control (NC) .....217-218, 613-616 
eck drilling 238 
P/M high-spe 5 applied 





P/M materials. 
power consum; 
process capabilitie: * 212 
radial machine: «213-214, 235 
refractory metals 860, 861, Loan 
selection of drilling machines . 
shuttle-transfer machines . B 
small-hole drillin; (microdrilling) 
special drills for hard steel 
applications 
speed and feed 
stainless steels . 
















х Cr 
pari] 697-699, чи 
surface alterations from dull tools . 
surface alterations produced . . 
surface finish requirements for machine tool, 
components 21 
surface integrity effects in material removal 
processes 
systems . 
tape-controlied machines . 217-21 $ 
Ti alloys... 845, 846, 847, 848, 850, e 
tool adapters . 
tool life. . 218, 
tool steels ... 710, 711, 719 
tool steel selection .. 
transfer drilling machines . 
trunnion-index machines 
types of drilling machines . 
underwater . .. 
upright machines 
upright machine 
uranium alloys . . 
vertical drill presses 
vertical multiple-spindle automatic 
chucking machines . 






























716, 718; 71, m 











Zn alloys . 
zirconium «eee eevee ee 

Drill presses. See also Drilling. 
boring : ‚161, 170 
die threading . 296, 297 
die threading, dimensional control 300 








milling . . 
reaming. 
roller burnishing 
tapping... 









1255-256, 259 
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Drill presses (continued) 
trepanning . . 
vertical, honin 

Drills. See also Drilling. 
aircraft. 
automotive serie: 
center... 
centering . 
chip-breaker 
core . 
design . 
double-margin 
flank wear scars 
gun.. 
half-round 
high-helix 
left-hand . 
life.. 
low-helix . 
oil-hole 
































En 


spade... 
specific appl 
spotting 


TIN coatings. 
twist .. 
types of 
underwater . 
Dual-turret NC lathe 
Ductile irons. See also Cast 


irons. ‚648-651, 654, 658 
boring with high-speed steel and carbide iis 


tools 
broaching 
centerless grinding . 
counterboring . . 
cylindrical grinding - 
drilling .. 
end milling . 
face milling 
honing . 
internal 
machinability . 
matrix microstt 
planing 
Teaming 
spotfacing 
surface grinding 
tapping. . 
turning with ceramic tools . 
turning with single-point and box tools . 
Ductile irons, specific grades 
60-40-18, boring . . 
60-40-18, broaching . 
60-40-18, counterboring . 
60-40-18, drilling . 
60-40-18, end milling 
60-40-18, face milling . 
60-40-18, planing . 
60-40-18, reaming 
60-40-18, spotfacing 
60-40-18, tapping . 
60-40-18, turning - 
65-45-12, boring 
65-45-12, broaching . 
65-42-12, counterboring - 
65-45-12, drilling . 
65-45-12, end mil 
65-45-12, face milling . 
65-45-12, planing . 
65-45-12, reaming 
65-45-12, spotfacing 
65-45-12, tapping . 
65-45-12, turning . 
80-55-06, boring . . 
30-55-06, broaching . 
80-55-06, counterboring . 




































































30-55-06, tapping . 
Duranickel 301, aged, 
Duranickel 301, unaged, machining . 
Dynamic loading 
Dynamometer . . 


ECDM grinding. See Electrochemical discharge 
grinding. 
Edge retention techniques ..28-29 
Effective end relief angles, shaping of tool 
steel die sections . =. 192 
discharge 















compared to ECDG 
diamond . 
dielectric 
equipment and ‘operat 
flushing 

process characteristics 
surface finish 


кенеш сае 1 
26-27, 33—34, 509, 518, 557-564 
advantages 
applications 
carbon deposit WE 


CNC vertical EDM 
compared to EDG 
compared to ECG. . 
compared to electron beam machi 
compared to electrostream and capil 
drilling m 
7 to end milling and electrochemical 
machining .539 
compared to laser beam machining 
compared to shaped tube electrol; 
machining . 
diamond 

















drilling machines. 
electrode manufac: 
electrodes . . 
electroforming Б 
fatigue strength 
flushi 
hole drilling 
in conjunction 
machines, NC implemented . 
metal oxide field effect transistor (MOS- РЕТ) 

58 


devices . 
method of operation -557-558 
MM! 896 






















been EDM. 





orbital abrading 

and PCBN 11 
power supplies . 558 
refractory metals . 


safety of method . 

and shot peening . 

stainless steels . 

surface . 

surface alterations produced . 
h. 


.706 
558-559, 563 
.24, 25, 31, 34. 2 











y: 
traveling-wire Е 
wire-EDM metal depo: 

disadvantages 





wire-EDM power supplies. 
zirconium ..........-++ 
Electrical discharge wire cutting (EDWC) . 
Electrochemical discharge grinding 
(ECDG) 509, 548-550 
application: 550 
electrolytes 
equipment . 
form grinding 
process characteristics 
profile grinding . . 
surface (plunge) grinding 
tool life . . 
Electrochemical grinding (ECG) 
advantages and disadvantage: 
applications ..... 
carbon and alloy steels 
compared to EDG .. 
compared to other machining processes 
current densities 
cylindrical grinding method. 
electrolytes 










































equipment . 44-546 
face (plunge) grinding method . .546 
feed rates ........ 543, 544 


form grinding method 
internal grinding method 
machines 
method: 
oxygen and hydrogen generation 
power supplie, 
process charact 
surface finish 
surface grinding 
surface integrity 
tool life . 
wheels . . 
Electrochemical mai 
(ЕСМ) .. 






accuracy 
applications . 
compared to ECG 
compared to shaped tube electrolytic 
MACHINING... esse; pe 554 
com uter-aided design and manufacture 
AD/CAM). 
Me numerical control (CNC) 
effect on workpiece fatigue strength . 
electrolytes s 
equipment . 
frontal operation . 
insulation ..... 
multiaxis ECM machine: 
nonsludging electrolytes 
process control . 
refractory metals . 
removal rates 
shot peening . 
single-axis mat 
sludging electrolytes 
stainless steels . 
strong acid electrolyt 
surface alterations produ 
surface finish 































vertical-ram ECM machines 
Electrolyt 
composition for ECM . 
conductivity for ECM . 
electrochemical discharge grinding . . 
and electrochemical 
grinding ...... es 542, 543, 544-545, 546 
and electrochemical machining .. 533, 540-541 
electrochemical honing .488 
clectrostream and capillary 








534 
‚534, 535-536 
‚548—549 





















551, 552, 553 

1536, 537-538 

flow rate and ECM process control . .534, 537 

for Ti alloys ......... .852 

laser-enhanced etching - 1576 

Ni alloy electrochemical machining ...... 843 

nonsludging д 1535 
shaped tube electrolytic 

machining . . 554, 555, 556 











sludging . . 
strong acid . жө 

Electrolytic grinding. See Electrochemical 

grinding (ECG). 

Electron beam machining (EBM) . . 
advantages and disadvantages . 
applications 
backing mate! 
CNC systems 
equipment des. 
on-the-fly drilling.. 
process characteristics . 
stainless steels.. 
tensioning drum 
vacuum chamber . 
Wehnelt electrodes . 

Electroplating 
and drilling . 

tapped holes . 








509, 568-571 
e5n 


























and E реепіпр..... E 
surface alterations produced 24,25 
509, 551-553 
acid electrolytes 551, 552, 553 
advantages . 
applications 
computer contri 
double-electrolyte system 
equipment and tooling 
limitations . 
process capabi ities. 
process parameters 
stainless steels . . 
End cutting-edge angle (ECEA) 
shaping of tool steel die se 
End-cutting reamers . 


End milling. jaa also ‘Milling. 






























Al alloys . ‚ 766-167, m 773, 784, 

790, 792 
and boring 174 
carbon and alloy steels . .675 
cemented carbides used 85, 86 
compared to ECM and EDM. .539 
Cu alloys. . 816-817 
flank wear . ‚37-38, 42 
flank wear scars . 44 





grinding of end mills 
heat-resistant alloys М 
in conjunction with milling 
Mg alloys : 
MMCs 
peripheral, cast irons 
P/M materials . . 
refractory metals . 
stainless steels . 
Ti alloys . 
TiN coating 
tool steels . 
Zn alloys.. 
End relief angle (ER) . 
front clearance... 
shaping of tool steel die sections 
Engine lathes 
boring . 
and high-speed machining 
trepanning - 
turning. . 
Etching techniques 
double-etch method . ... 
and electrochemical machining 
nital etch method .. 
Expandable reamers . . 
Extreme pressure (EP) additives . 
grinding 
stainless steel cutting fluids 
tapping.... 
thread rolling 
Extrusion process . 
abrasive flow machining 
and powder consolidation . 




















F1, F2, F3, etc. See Tool steels, specific types. 
Face milling. See also Milling. 
Al alloys . . 788-789, 791. 793 












surface alterati 
theoretical surface rougi 
theoretical surfaces produced. 
Ti alloy: . 845, 
tool steels 
tool steel selection 
Facing 
in conjunction with 
160, 164, 165, 168, 169, Me 





in conjunction with milling 
in conjunction wil turing . 
monitoring system . 
multifunction 
machining 366, 369-370, 372-373, 376, 384 
PCBN cutting tools . 115, 116 
stainless steel . 
turret lathe oper 
Fasteners, thread grinding applications 
Fatigue failures, of шш workpiece . . 
Fi strength, of workpiece 25- 
rond steel after abusive grinding . 
and abusive grinding. . 
and effect of method of ma 
improved by shot peening . 
shot peening effect ..... 
surface alterations produced . 
thread rolling 
Ti-6AI-4V 
Ferric chloride 
chemical milling 
photochemical machining 
etchant .. 
Ferric sulfate 





416 




















Ferry alloy, machining 

Fiber, drilling. . 

Fiberboard, milling with PCD tooling 

Fiber les, laminated, ultrasonic 
machining 

Fil 


and electron beam machi 
grinding by superabrasi 





























Finished leather, waterjet machining . 
Fixturing, and thermal energy method of 
deburring. ... 
Flame deposition, and drilling 
Flexible manufacturing systems (FMS) . . 
fixtures ..... 
Flint, natural abrasive 
Floating-blade reamers 
Foam board, waterjet machinery 


P/M high-speed tool steels. 
Formica, waterjet cutting rates 
Forming, in conjunction with turning 
Form tools . 

coatings ani 


Form turning, multifunction 
machining 372, 373, 380, 381, 382, 383, ^ 


Friction, and chip formation 
FSX-414, machining 
FULDENS process . 








-751-. 3 
.. 60, 66 
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Gamma prime phase, and Ni alloys... 
Gang drill presses, reaming 
Gap-frame lathes 
Garnet 








abrasive, for waterjet cutting of MMCs . . .894 
abrasive, for lapping. - 493 
abrasive, mixed with high-pressure 

waterjet 521 










natural abrasive 
Gas cutting, vs planing 
Gear cutting, cast irons . 
Gear-generating hobs, thread grinding 
application 
Gears and their manufacture . 
chain sprockets ........ 
CNC milling and hobbing 
machines 
cold forming . 
comparison of 
correcting for distortion in heat treat 
crossed axes helical 
cutter material and construction . 
cutting fluids .... 3 
cyclex method process . 
double-enveloping worm 
elliptical . 
external . 
face . 
face hob cutting 
face mill 
cutting .. .. 33 
formate cutting . 
form grinding. 
gear inspection. 
gear shaping cutters 
generation grinding. 
grinding . 
grinding flui 
pining of bevel gears 































,33 
. 335, 336, 340, 341, 343 


36, 340, 341, 343, 344, 354 
335-336, 340 



























‘Trac gear generator 344 
helical (external and internal) ...331, 333-334, 
43-344, 346, 348, 351-353 





helix form cuttin 
herringbone (dou 
herringbone gears 
herringbone teeth 
honing...» 
hypoid 


interlocking cutters 
internal 
lapping 
machines to cut gear teeth 
machining processes for other than bevel 
ШИ азе ыманы 
milling for roughing process 
planing generator process 
P/M high-speed tool steels 
processes for bevel gear: 
racks.. 
ratchets . 
Revacycle proc 
rolling .. 
selection 
selection of machining process 
shaving 341 
single-enveloping worm 
speeds and feeds 
spiral bevel 
spiroid .. 
spur (external E internal) . 
338-341, 344, 346, 348, 350-353 
..332-335, 337-338, 340-341, 
344, 348-354 
surface finish ..... 340, 341-343, 350, 354-355 
tangear generator method 
template machining 
two-tool generator 
process . 
types . 
Waguri met 
worm gear sets 


.335-336, ay 











a 
337-338, 340, 341 
.67, 68 














342, 343, 344 
‚ 344, 349-353 





333-338, 





straight bevel. 
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Gears and their manufacture (continued) 
Zerol БЕМ)... эз» в» 332-334, 336-338, 
340, 344, 351-352, 354. 


511, 512, 513 
UMEN, | 


Glass 
abrasive jet machining . 
carbides for machining 
diamond as abrasive for honing . . 
drilling . 
ground b 
ground by superabrasives 
honing grit size selection . 
honing stone selection 
lapping. 

PCD tooling 
ultrasonic machining . 
waterjet machining . 

Glass and carbon fiber сот 

for machining 

Glass bead peening . 
abrasive Jet machining 
electrochemical machining - 
to improve surface integrity 

Glass/epoxy laminate, waterjet machining . 

Glass insulation, waterjet machining .. .. 

Gold 
honing stone selection . 
photochemical machining . 
photochemical machining etch 

Granite 
PCD tooling . . 
ultrasonic machining. . . 

Graphite . 
content in cast irons 
crystal structure . 
drilling/countersinkin, 
electrode polarity in EDM 
and eutectic freezing i 
for EDG wheels 
high-speed tool steel 
in graphite/Al ММС. 
in graphite/steel MMCs . 
in graphite/Ti MMCs . 
peck drilling . . 
scrapers used in EDG 

Graphite composite, waterjet cutting . 

Graphite/epoxy laminate, waterjet 

cutting . 
hitization 

G-ratio 
CBN grinding wheels. 
diamond grinding wheels . 460-461, 462 

Gray irons. See also Cast 

irons. .648-652, 654, 656, 658, 664 

boring . 169, 65: 

broaching . 

cemente 

centerless grinding . 

cermet tools for milling . 

coatings and tool life . 

contour band sawing . 

counterboring . . 

cylindrical grinding. 

drilling d 

electrochemical machining 

end milling. 

face milling . . 

fixtures . 

high-speed machining - 

honing 

internal grinding к 

machinability . . 1640, 

matrix microstructure effect on tool life . 

metal removal rates 

microstructures . 

milling . . 

PCBN cutting tools . 

pipe threading tools .. . 

planing . 

reaming . 

shaping 

slab milling . 

spotfacing . 

surface grinding . 


















.455, , 460 
432, 433, 434 
478 








529, 530, 531 
520, 527 
s, diamond 

















.462, 463, Hel 465, 466 














































642 
.650 
652 









threading, tangential chasers 








tool life . э .299 
turning . 94, 112, 144, 146, 147, 653-654 
Gray irons, 





specific e 

class 20, and annealing treatment . 
class 20, mac! Я 275, 
class 25, and chill . 


class 30, 
144-147, 275, 301, 362, 653-663 
++ 651 





machining. 
class 35, and annealing treatment . 


class 35, 
144-147, 275, 362, 653-663 


machining 
class 40, machining . . . 144-147, 245, 275, 362, 
3-663 


275, 323, 325 
275, 323, 325 
.275 


1275 












class 45, тас! 
class 50, mact 


E 
class 60, thread grinding 
SAE J431C: grades G1800-G4000, 

machining «144-147, 275, 323, 325 


















grinding . 
milling 








Grinding. 5 p also Grinding equipment ‘and 
processes. „ 19, 421429 
abusive, and fatigue strength 
abusive, residual stress ..... 
adaptive control 
implemented . . 
aircraft engine Compo! 
requirements . 
Al alloys.....774, 
automatic chamfer grinder . 
carbon and alloy Seele. 
cast irons 












































centerless, cutting fluids us 

centerless, in conjunction wi h 
centerless, compared to honing . 
centerless, of Ti alloys . 
ceramics... 
compared to cutting . 
compared to М 
compared to honing . 
compared to lapping . 
conformity or equivalent 
coolant effects 
copper alloys 
creep feed 

cutting fluids used . 





cylindrical, compared to 
cylindrical, cutting fluids used . 
and fatigue strength 

gentle, and fatigue si 
gentle, low stress 
G ratio 





gray cast iron 
grinding fluids for thread grinding 
grinding wheels and workpiece 
parameters 
G-Trac generator cutters . 
hand wheel...... 
heat-resistant alloys . 
high-speed . 
hobs . 








in conjunction with boring 


in conjunction with 

broaching . 194, 195, 205, 209, 211 
in conjunction with drilling... 219, 229, 238 
in conjunction with EDM 
in conjunction with gear 
. manufacture . 333, 339, 344, 350-355 
in conjunction wi baad 
in conjunction with sawing . 

















in conjunction with tapping... 264 
in conjunction with thread rolling 290 
іп conjunction with 

turning. . 135, 140, 142, 153 
in conjunction with ultrasonic machining. 529 

















internal 3, 829 
internal, cast irons . ` 665 
internal; compared to microhoning - 489 





low-stress procedures 
martensitic cast irons 
Mg alloys . жалт 
and milling 
MMCs.. 
NC implemented | 
Ni alloys 

plunge . 
P/M materials . 
point, and drilling . 
point-splitting machine and dulling . 
polycrystalline diamond 

power expended ... 
refractory metals 
shaper tools . 
stainless steel: 
steel gears . 









880, 881, 882, 889, si, 9 
















sonevabrasives 
surface . 

surface, cast iron: 
surface, cutting fluids used. 
surface, of Mg alloys 829 
surface, of Ti alloys . 847-848, 853, 854 










surface finish and integrity .., 21, 28, 424—426 
system forces. 426-427, 428, 429 
time, effect of . 424, 427 
Ti alloys 844, 846, 853, 854 





tool life of g 

wheels ... 
tool steels 
traverse cylindrical 
uranium alloys . 
versus planing . 


B 
‚421, 424, 427, 428, 441, 449, 468 
.722, 723, 732 









wheel dressing . 422,424, 425 
zirconium... 852, 854-855, 856 
Zn alloys ‚833, 834 







Grinding equipment and processes. 
Grinding! Superabrasives. 
abrasives . 
abrasive wheel bonds 
abrasive wheel configurations 
abrasive wheel porosity . 
sapian approach cylindrical 
grinding 
bond designation and grain $ 
camshaft grinding 
centerless grinding . 








445-446, 447 
430 


ш. 









`7 446-448, 449 
coated abrasive applications .... 436-437, 438 


coated abrasive 
composition :434-435. 439, 440 
434, 437, 438-439, 444 
«2444-445 





coolants... 
crankshaft grinding . 


creep-feed surface 
gnnding........434, 441, 442, 443-444, 445 
1434, 436, 440 


cutoff grin 
cylindrical 

grinding. ....... 434, 440, 444-446, 41, 49 
cylindrical grinding machine: 
filtering . 
floorstand/swing frame arinding.. 
flute grinding . 
form grinding 
gear grinding . 
G ratios... 
grinding fluid disadvantages 
grinding fluids 
grinding wheels and disks 
internal grinding ..... 
internal grinding machines . 
machines and processes 
mean particle sizes for grits used in 

grinding wheels . . 
monoset tool grinding . 
NC camshaft grinding 




























NC in continnous-dress creep-feed 
grinding . . 
organic wheel bonds 
pendulum surface grinding . 
portable grinding ... .... 
precision grinding 433, 437, 
profile (contour) tool grinding . 
resin bonds 
roll grinding К 
rough grinding 1434, 436, 439, 440, 441 
shaping in conjunction with grinding 440 
snagging ... 
standard marking systems for grinding 
wheels . à 
superabrasive electroplated wheel 
bonds 
superabrasive metal wheel 
bonds 
superabrasives, ‘types of. 
surface 
grinding . . . 434, 440, 441, 442, 443-444, 446 
tool grinding ..... 449—452 
vitrified wheel bonds 2, 448, 450 
weld grinding... 7.439, 440 
wheel face grinding - mue 
Grooving 

















0, 431 














. 433-434, 448 
..432 






















cemented carbides . . ..85-86, 87 
cermet tools applied 52, 94, 95, 97 
in conjunction with boring . 

in conjunction with turning . 135, 138, 140, з 


multifunction 





machining 
PCBN cutting 

Gun drilling ‚216. 218 
Al alloys . 769, TN. 782, 784, 791 
compared to gun reaming ....... . 244-245 








compared to shaped tube electrolytic 
machining .......... 
compared to trepanning 
Cu alloys. 
cutting Пи 
Mg alloys . 
а оза ining 
stainless steels . 
Gun reamers ... 












flow recommendations 





H8, H10, H11, etc. See Tool steels, specific 
types. 
Hafnium. See also Reactive metals. . .. 844-857 
cemented carbide coatings ; 
НЕС, properties 
Hafnium carbide, coating for high-speed tool | " 













steels 
Hafnium nitride, coating for high-speed tool 

steels sen ST 
Hand hacksawing, Mg alloys 





Hardfacing alloys 
CBN for machining . 
PCBN cutting tools . 

Hard irons, CBN for machining... 

Hard metals. See Cemented carbides. 

Hardwood, carbides for machining . . 

Hastelloy alloy A 
contour band sawing . 
cutoff band sawing .. .. 

Hastelloy alloy В 
chemical milling. 
composition . . à 
contour band sawing . 
cutoff band sawing . 
machining ... .738, 741-743, 746-747, ER 

photochemical machining . ....... 

Hastelloy alloy B-2 
composition асваенне а РОВ 
mae lg 738, 741-743, 746-747, 749-757 

Hastelloy al 
chemical milling 
composition . . 
contour band sawing . 
cutoff band sawing . 
machining . .. .738, 741-743, 746-747, 749-758 
photochemical machining ..... 





























....584 
.736, A 
363 








Hastelloy ды? С-276 p 
1.738, 741- үө, 746-747, 749-758 
788, 741-733, 746-747, 749-758 











wily S G 





chemical milling 












electrochemical grinding 


ig... 738, 741-743, 746-747, зл 
сарша ratings . 


Heat-resistant steels, broaching .. ......- 
Heptane, for milling cemented carbides ....- 
Hexagonal boron nitride (HBN)... . 105, 106, 107 








production lime. High-removal rate (HRR) machi 








me 1759 
1738, 741-743, 746-757 


Haynes alloy 25 High-speed machining ...... 








production times 

















738, 7412 743, 746-747, Dy 
mashing characteris 












saddle miting» 





Haynes oy iss 








736 

‚738. 741-743, 746-747, 149-757 
Haynes alloy 263, thread grinding. "€ 
Heat-resistant alloys . 
abrasive belt grinding . 
alloy group designations . 





High-speed steel ( 
























broach tool ‘modification . 


poesis grinding 
circular sawing 


coated drills used . 





contour band sawing 





. 740-741, 743-747, 750-7 
pd grinding s 

H-number, cold form tapping |. 
Hobbing 





electródischarge. тас! 


G-ratio (grinding ratio) 





grinding i fluid identification and 


1157, 158-759, E 
lloyed products 





Hobs, high-speed tool steels . ..... 
Hollow milling, refractory metals 
Hollow-spindle lathes . 
Honeycomb structures 
Honing .. 


grinding fluids 
grinding mechanically 
grinding wheel selection . 
group designations 









internal grinding 
machining comparisons 
manufacturing ratings . B 
manufacturing time for parts production . - 
1327, 329, 754, 755 
7. 














power hacksawing . а 
i cutting edges for cast iron workpi s 
cutting fluid flow recommendations . 
cylindrical microhoning 
dimensional accuracy . . 
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spotfacing.... 751, 752 
surface grinding . 27757, 758, 759-760 
tapping . 





. .259, 263, 751-754 
tapping machines... Ep ЛУ 
thread grinding. 
thread milling 
trepanning 








crystal structure . 453, 454 

































Cutting tools and parameters 
machine requirements 

superlathe CNC machines . . 
tooling of machines 
tool life . 











aircraft engine propulsion pplications . 
airframe and defense applications . . 
alternate cutting tool ROMER 
applications 
automotive applic: 
chip formation 
cutting fluids 
cutting tool materials 
future needs Nige 
historical background 
implementation .... 
ledge tools 
machining centers . 
nickel alloys . 
parameters 
rotary tool machining. 
stability principle 
tool life . 
variables . 














high-speed. 
compositions and properties . 1-59 
cutting tools . 
end mills... . 
flank wear limits . 
aerial yield strength . 
high-speed steels... 60-68 


muc) tool steels. See Tool steels, 


high-speed. 


High-temperature alloys. See also Heat-resistant 


alloys. 
cutting fluids used . 
depth-of-cut notchinj 
drilling . 
honinj 
machinability test matrix . 
milling 












1639-640 
.312, 313, 314 
266-267 








carbon and low-alloy steel gears with 
high-speed steel tools . 
and gear manufacture 330, 333+ 335, ази 


















and machining of helical gears... 
and machining of herringbone gears. 
and machining of spur gears . 

and machining of worm gears. 





abrasive service life . 
air gages ..... 








centerless microhoning 
compared to reaming . х 
crosshatch angle control ... 
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Honing (continued) 
electrochemical honing . 
expanding gages .... 
external honing . 
flat honing... 
for surface integrity 
BABES ....›... 
gear-tooth honing . 
gears . 
grit and р: 
hone forming . 
honing fluids . 477, 482, “483-484, 485.4 ie 
honing stones (sticks) 
horizontal hydraulic honing 

machine . 
in conjunction with boring 
in conjunction with grinding . 
in conjunction with lapping. 
machine selection . 
compared to lapping 
manual stroke honing machine 474, 4 
manual stroking . . .475, 478-480, 482-486, 489 



















































microhoning .472, 488-491 
MMCs 896 
Ni alloys 835 
plateau honing 48" 


pressure. 
process capabilities . . 
reciprocation speed. 
ring Варез... 

rotation speed 
selection of abrasive 
special applications . 











stel honing . 
rabra: 5 
tool life of honing stones "nne 
vertical spindle honing machine ... . .474, 475 
Horizontal boring mills . . 160, 165, 167, 173, 174 


Horizontal drilling machines, trepanning . . .. 176 
Horizontal spindle machines. See also 
Machining centers. . 
Hot hardness, CPM alloys . 
Hot isostatic pressing (HIP) 
beryllium.. ..... 
cemented carbides 
ceramics ........ 
Hot pressing, ceramics . 
Hot rolling, P/M high-spee: 
Hot uniaxial pressing, ceramics ... 
HS-21 
electrochemical grinding 
grinding 
machining. . 
milling .. 
HS-25 
manufacturing ratings 
milling . 
producti 
shaping 
HS-31 
grinding 
surface alterations from material removal 
processes . 
Hydrochloric aci 
and grinding 
used in photochemical machining 
Hydrodynamic machining. See Waterjet 







































machining. 
Hydrofluoric acid (HF), chemical milling 
etchant . ‚ 852 
Hydrogen and hydrogen compounds 
atmosphere for WC powder preparation .. .71 





and electrochemical machining hazards . . . 
Н,50,, addition to emulsions. 
in CVD process... 
Hydrogen peroxide . .29 
Hydrogen sulfide, formation in cutting fluids 132 
HyMu 80, 800, photochemical machining 
pi AMBARUM 590 















I 
Immersion etching, using nitric acid solution . ..36 
IN-100 
composition . ЕОР у 
machining . 738, 741-743, 746-758 






surface alterations from material removal 

processes . $ 

IN-102 
composition . 
machininj 
thread grinding. . 

IN-738 


grinding 
machining . 
IN-738X, composition 
IN-792 
composition . 
machining . 
Inclination, milling . 
Inco alloy 020 
composition . 
machining . 
Inco alloy 330 
composition . 
machining . 
Inco alloy 718, 
Inco alloy C-276 
composition . 
machining . 
Inco alloy G-3 
composition . 
machining . 
Inco alloy HX 
composition . 
machining . 
Inco alloy MS 
composition . 
machining . 
Incoloy alloy 800 
composition . 
machining .. 


Incoloy alloy 800 H, machining . 
Incoloy alloy 800 HT 
composition . 
machining . 
Incoloy alloy 801 
composition . 
machining . 
Incoloy alloy 802 
composition . 
machining . . 


Incoloy alloy 804, machining . - 
Incoloy alloy 825 























. 836-840, 842, Ed 
TOT 836 
‚ 836-840, 842, 843 
836 
, 843 



















36, 836 
. 738, 741-743, 746-747, TOT. 
Buon m id 








836 
1. 836-840, 842, 843 








738, 74174: 746-747, Prec 


.736, 836 
738, 7417743, 746-747, 749-758. 
837-840, 842, 843 

sexe 787, 758 





































machining 1757, 758, 837-840, 842, d 

Incoloy alloy 901 
composition 736 
machining ...... 203, 204, 275, 738, 741-743, 
746-747, 749-757 

Incoloy alloy 903. 
chemical milling 583 
composition 836 
electrochemical mac! 843 
machining -..738, 741-743, 746-747. 149-797. 
37-840, 842, 843 

Incoloy alloy 907 
composition 836 
electroche: 843 
machining 837-840, 842, 843 

Incoloy alloy 909 
composition 836 


electrochemical machining 
machining 

Incoloy alloy 925 
composition 
machining . . 

Incoloy alloy DS 
composition 
machining . . 

Incoloy alloy MA 956 
composition 
machining . . 





843 
837-840, 842, 843 








— .836 
837-840, 842, 843 
А .836 
837-840, 842, 843 











Inconel alloy 
abrasive waterjet machining 
broaching . 
electrochemical grinding . 
grinding ........... 
honing stone selection . 
photochemical machining 
photochemical machining etchani 




















SEMIIE apni aioin 
Inconel alloy 100 
drilling 
electron beam drilling 
Inconel alloy 600 
chemical milling 
composition . . 
machining . .. 738, 741—743, 746-747, 749-758, 
837-840, 842, 843 
Inconel alloy 601 
composilion ааа заны 736, 836 
machining . . . 738, 741-743, 746-747, 749-757, 
837-840, 842, 843 
Inconel alloy 617 
composition . . . 736, 836 





electrochemical machining 
machining . . . 738, 741- 74. 746-747, Jaa 
837-840, 842, 843 


,.584 
36, 836 
843 





Inconel alloy 625 
chemical milling 
composition 
electrochemical machining 




















machining ... 738, pra 746-747, 749757, 
837-840, 842, 843 
Inconel alloy 690 
composition 836 
machining . ETE 
Inconel alloy 700 
composition 
machining . .. .738, 741-743, 746-747, жола 


thread grinding. 
Inconel alloy 702, thread grinding . 








Inconel alloy 706 
composition 
electrochemical machining . 
machining ... 738, 741-743, 


A 757, 
837-840, 842, 843 
Inconel alloy 713C 

composition 
machining . . 
Inconel alloy 718 
chemical тїйїпё........................ 
composition . 36, 737, EH 
effect of EDM and grinding on fatigue 
strength z 





ч ЗЇ 
‚ 738, 741-743, 746-757 















electrochei d E p 
electrochemical machining 
electrochemical machining and EDM .... 
fatigue strength and method of machining . .31 
fatigue strength and shot peening . 6 
feed rates for electrochemical machining . .534 
grinding. .462, 464, 547, 760, 843 
high removal rate machining. . 1.608 
high-speed machining and chip. 
formation . 
honing with СІ А 
laser beam drilling. 
LBM-produced heat affected zone 
machinability 
machinability and notching 
machining . . . . 738, 741 "76, 746-747, ЕН 
milling . . 547, E 
planing 


























в E. 
surface alterations from material removal 
processes . 26, 27, 34 
surface characieristic: 31 
tapping. . 
thread grinding 
threading 
turning . 
Inconel alloy 721, thread grinding 
Inconel alloy 722, thread grinding 
Inconel alloy 751 
composition 
electrochemical machining . 


























machining .. . 738, 741-743, 746-747, 749-757, 
837-840, 842, 843 
Inconel alloy 901, broaching ............... 209 
Inconel alloy МА 754 
composition 738, 836 
electrochemical machining 843 
machinability , 737 
machining . . . 738, 741-743, 746-747, 749-758, 
837-840, 842, 843 


Inconel alloy MA 956 
composition 
drilling . 
machinab 
turning 

Inconel alloy MA 6000 
composition 
grinding . . 
machinability . 
machining . . 

Inconel alloy X 
broaching 
clectrochemi 
grinding . 
milling 

Inconel al 
composition . 
electrochemical machining 
machining . . . 738, 741-743, 6-4], prs 

37-840, 842, E 

Insulation board, waterjet mios А 

Integraliy | bladed rotor (IBR), abrasive 

machining . zi 

Internal grinding. See Grinding. 

International Organization of Standardization 

(ISO), R513 classification of carbides . .. 75 

Jodine; etchant for laser-enhanced etching .. 576 
























“айо ed with Ni . 








chilled, honing ston 
effect on Cu alloy machinability . 
electrochemical grinding . . 
Pcr Dind machining removal rates 
an 
Iron-base heat-resistant alloys, 
machining 738, 741-743, VT ae 
ISO Classification R513, of carbides . 















4 

J1570 
сотр 5 Bs 
grinding. -789, 
machining . . . . 738, 741-743, 746-747, Lx. 


Jade, lapping process applied 
Jobber's reamer . 
Just-in-time (JIT) pi 


Kevlar, PCD tooling... 
Kidney filter, waterjet ma 
Knoop hardness scale, abrasives . 
Knoop hardness (HK) 

P/M materials 

polycrystalline diamond . 
Knurling 

Cu alloys 

in conjunction with turning 

MMC: E 
























multifun 

machining ..... 372, 373, 375, 376, 386, 387 
Kovar, photochemical, machining 

etchant YRessaxeeterts s SRS SOO 








L1, L2, L3, etc. See Tool steels, specific types. 
L-605 











chemical milling 584 
ата machining removal rates 534 
-492-505 
1504-505 
barrel finishing. 2. 503 





bearing races 
cast irons . 
centerless lapping 

abrasives.. 
centerless roll lappi 
compared to honing . 
coolants . 
crankshafts 
of diamond tools for mac! 
end surfaces . 
flat lapping using manual methods . 
flat lapping using mechanical 



































methods -498-500, 503, 504 
flat surfaces . 498-502 
495-496 

343, 351, 505 

503 

individual-piece lapping 492 


inner cylindrical surface: 
load capacities . 
machine lapping between plates . . 
matched-piece lapping . 
MMCs 
Ni alloy: 
outer cylindrical surfaces 
outer surfaces of piston rings 
P/M materials ....... 
problems in flat and end lapping . 
process capabilities 
ring lapping 
selection of abrasive . 
selection of vehicle . . 
size tolerance and parallelism 
spherical surfaces 
springlike parts 
and superabrasives . 
to accelerate wear-in 
workpiece size and 
Laser beam machining 











cutting . a 
drilling compared | to electron beam 
machining 
drilling of carbon and. alloy steel 
drilling of Inconel 718 ... 
electrolytes 
equipment . 
etchant solutions for l; 
etchin; 
excimer 
fiber optic cables. 
future developments . 
gas-assisted LBM 
gas jets . 
laser-enhanced etching. 
laser welding . 
lens selection 






er-enhanced 




















572, E 
+573, 574, 575 
„ 894, 895, Ат 





neodymium-glass lasers 
percussion drilling . 
process capabiliti 
robotic devices 
stainless steels . 
surface alterations produced 
surface integrity effects 
surface treatment 
Ti alloys . 
trepanning . 
Lathes. See also Lathe tools. 
automatic . 136, 137, 140-141, 367-: эй 









5 of lasers . 












576 
.846, 852, 855 
. 573, sl 












ing 
for turning 
high-precision, rigid high-power . 
honing . 
manual 





semiautomatic . 
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surface finish requirements for machine 
tool components . 
thread rolling . 
Lathe tools. See also а! 
flank зеаг.......... 


















additive improving machinability of steels 
content additions to P/M materials ... 
content in stainless steels .682- 
effect on Cu alloy machi D ses 
and free-cutting grades of carbon or 
low-alloy їесїз..................... 149 
free-machining steel 
.672, 673, 674, 675, 676, 677, n 
in free-i -machining metals . y 
machinability additive 
Leather (artificial), electron beam 
machining 
Ledge tool, and 
Lexan, tools for оо, tube electrolytic 
machining . : 
Lithium nitride . 
Longitudinal drilling, in conjunction with 
turning. 
Lucite, honing stone selection 



























M 
МІ, M2, M3, etc. See Tool steels, specific 
types. 
M-252 
composition 
electrochemical тасһіпіп; 539 
machining... .203, 275, 7: 8, 741-743, Ui 
M 308, broaching 
lity test methods 
м ation/grade selection . 
cutting conditions . 
cutting tool material test me 
facing test method . 
grade selection and insert and chip groove 
selection . 
grade selection and machining economics . 
grade selection and operation 
determination . . . . 
machinability ratings . 
machine test matrix 
nodular iron impact tes! 
operation matrix test method . 
property matrix impact test 
property matrix test method 
property matrix turning test 
Taylor's tool life tests .... 
workpiece matrix test method 
Machinery steel 
electrochemical grinding 
grinding 
milling . 
Machine tool components, surface finish 
requirements . 221 
Machining centers . 
fixturing 
Magnesia. 



















Et 















Magnesium. Sce Magnesium alloys. 
Magnesium alloys. 
band sawing 
broaching . 
centerless grinding . 
chemical milling 
chip formation 
circular sawing - 
content in MMCs and machinabilty .. 
contour band sawing . 
counterboring 
cutting fluids . 
cylindrical grinding . 
die cutting speeds . 
die threading . 82 
drilling ....:.220. 222, 225, 229, 230, 823-824 
electrochemical grinding . 
ES 
.826, 827 








7. 828 
97 








electrochemical machining removal rates 
end milling 
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Magnesium alloys (continued) 
face milling 
ferrous chloride treatment 

method 
fire extinguishing powders . 
fire hazard .. 

























hand hacksawing 
handling of hips and fines .. 
honing stone selection . 
hydrogen formation . . 
internal grinding . 
lapping. 

Mp matrix composites 
milling . 312, 313, 
multiple-operation machining .. 
peripheral milling 
photochemical machining etchant . 
planing. . 

power band sawing 
power hacksawing . 
Teaming ....... 
relative power for machi 
safety 
sawing . 
shaping 
shear stresses and HP . 
slotting 
surface finish 
surface grinding . . 
tapping. . 
thermal expansion coeffi 
tool life 





















turning . 
warpage as result of cold working... |.. «~. 820 
Magnesium alloys, specific types 





















AZ3IB- H24, Stress eif. 
AZ61A-F, stre: 
YD 
лв (А2910) 


с 76, gun drilling - 





АЗРА, roller burni shing. 
MIA, contour band sawing - 
ZK21A-F, stress relief. . 
ZK60-T5, peripheral milling 
ZK60A-F, stress relief 
ZK60A-TS, stress relief . 
ZK60A-T6, stress relief . 
Magnesium carbonate, for abrasive jet 











machining „502 
Magnesium oxide, tool materials for cast iron 
machining... 6 

















Marble, drilling ..... 
Marking, and electrochemical machining 
Malleable irons, See also Cast irons. 
boring .. а . 
broaching 
centerless grinding . 
counterboring . . . 
cutting fluid effect on tool life 
cylindrical grinding . 
drilling ...... 
dry machining 
end milling . 
face milling 
honing ... 
internal grinding 
milling . 
planing 
reamin; 
spotfacing 
surface grinding . 
tapping. 
turning . 
turret and engine lathes for machining . 
Malleable irons, specific grades 

















32510, machining ..... 362, 649, 650, 653-656, 





658-663 
35018, machining . 362, 653-663 
40010, machining . .653-659, 661, 662, 664 









653-659, 661. 662, 664 
653-659, 661, 662, 664 
structure effect on tool 





45006, machi 








50005, machining . .653-659, 661, 662, 664 
53004. contour band sawing . 
60003. contour band sawing 
60003, matrix microstructure effect on tool 














ASTM 80002, matrix microstructure effect 
on tool life . 650 
M3210. тас! 1-663 
2, 664 


1653-659, et. p 664 








M5003, machining 
Manganese 
addition affecting stainless steel 
machinability . 
content in carbon steels and alloy 
steels ...... 
high-Mn steels, drilling 
in tool steels . 
to form simple 
Manganese sulfide 
content in P/M 
materials ..... - B84, 885, 886, 888, 889 
free-machining steel 
, additive . 672, 673, 674, 675, 676, 677 
in free-machining stainless steels . ... 685, 686 
Manual turret lathes .. . . 
MAR-M200 
composition 
machining . . 
MAR-M246 
com) 
machining 
































compositi 
machining 
MAR-M322 
‘composition 
machining 
MAR-M432, тасћіпігу 
МАВ-М509 
composition 
machining . . 
MAR-M905, machining 
Material removal rate (MRR) 
electrostream drilling 
high removal rate ma 
laser-beam machining . 
superabrasive grindi 
Mass media finishing, aircraft engine 
components, surface finish requirements 
Mechanical polishing i) 
Meehanite metal 





"E. d 




























Metal cutting and 
antifoaming additives 
antimicrobial agents . 
antimisting additive: 
application methods of flooding and 





biological effects 
chemistry of . 
control and t: 
corrosion inhibitors. . 
cutting fluids flow recommendations . 
detergents of long-chain alcohols . 
disposal of 

dyes. 
emulsions . 
emulsions of soaps 
extreme-pressure (Ei 
fluid cleaning . . 
health practices 
microbes present 
odor masks... 















recycling . . . 129-131 
selection of . - 124-125 
solutions of cutting oi .122-123 
solutions of synthetic fluid lubricants 23 





.123 
8-129 


solutions, water-base 
storage and distribu! 
system cleaning . 129 
Metal-matrix composites (MMCs) .  . . ...893-901 
abrasive waterjet cutting.. #893-894, 896, 897 
ALB composites . 95-8 
Al-matrix composites . . 
ALSiC composites 
borin, 
chemical milling . 
circular sawing 
climb milling.. 
composite trimming parame em. 
contour band sawing - 
coolants . „894. 
die threading . 
dissimilar-material laminates . 
drilling. . 














“898-899 
. 895, 896. 897, 898-899 
electrical discharge machining . .896 


























end milling ..... 
Fiber FP AI MMC 
grinding . е 
honing .... 
knurling . 
lapping. ..... 
laser cutting . 
machining guidelines 
matrix materials 
Mg-matrix Spe. 
microstructure . 
milling... 
oxide-reinforcei 
peck drillin, 
power band sawing 
power hacksawing. 
reaming. 
recast material . 
sawing ...... 
surface finish 
surface grinding . 
tapping 
threading 
thread rolling 
Ti-SiC MMG. 
tool life. 
turning 
waterjet machining 
wire EDM . 

Metal removal 
and adaptive 

control .... 

Al alloys . 
chemical milling 
electrical discharge grinding 
electrical discharge 





93-808 








1.804, 898, 899 
.894, 895, 897, 900 
.895 












‚893, 894, 895, 896, 897, 898 
‚894, 896, 897-898 


+, 894 
895-896, 897 














618, Mis 621, 622, 624 
25227764, 791 
















machining . . 557, $58, 560, 561 
electrochemical disc arge 
grinding . 548, 549, 550 








electrochemic: 
grinding 


high removal rate machining .. 
high-speed machining . 
photochemical machining 
Methane, in CVD coating process / 
Methylene chloride, photochemical machining 
stripper . 
Micrometer 
application 278 
rometer spindles 110-11 
Milling, See also End milling; Face milling: 
Milling machines, specific 
types. ..... 19-21, 303-329 
abusive, and resulting fatigue strength 
adaptive control implemented ....... 61 кё 
aircraft engine components, surface finish 
requirements ... iu 123 
Al айоуу...766-769, 77. 
and arithmetic roughness average 
automatic feed mechanisms 
Be alloys........... 5 



















carbon and alloy steels ‚. 675-676 
cast irons... 
CBN tooling 
cemented carbides used . 
ceramic tooling . 
cermet tooling . 
cermet tool parameters 
chemical, and resulting fatigue strength 
chip formation . 
chip formation analysis 
chip removal operations 
integrity . 
climb 
(down-thread) . . 
compared to band 268,26 
compared to broaching . 
compared to drilling . 
compared to EDM . 
compared to ECG . 
compared to grinding . 
compared to shaping a 
slotting 
compared to threat grinding 
compared to Ultras machining . 
Compared with alternative processes 
contour, Al honeycomb . i: 
conventional (up-thread) 
Cu alloys 
cutter design effect on efficiency 
cutting fluid Пом recommendatiot 
cutting fluids . м 
CVD-coated tools . 
diamond (PCD) tooling.. 
end. 



















269, 309, 319, 321, 327 
‚++ 356, 363, 364 
194; 196, 209 











‚426, 427 








«187, 192, 193 
‚270 




















face 
fixture: 
flycut milling test. 
gang 
gentle, and fatig gih. 
geometrical relation of cutter to 
worl 
hafnium 
heat-resistant alloys ; 
helical gears . 
herringbone gears 
high-speed . 
in conjunction with broaching . 
in conjunction with drilling . 
in conjunction with EDM . М 
іп conjunction with superabrasive 
grinding . s 
in conjunction with tapping 
in conjunction with turning . 
aon with ultrason c 
























in machining centers . 
internal gear: 
material for 3134 317 
and maximum peaks sto valley roughn il 
height. . 











1, electric automatic controls . 
l, electric-hydraulic controls 
mechanical, hydraulic automatic controls . 
M g alloys 
MCs 





310 
310 
+ 820, 821-822, 826-827, 828 

+ 894, 895, 896, 900, 901 








аар 








machining 366-367. 374, 377, 381. 386 
NC implement - 613, 614, 616, 617 
Ni alloys m 37, 840-841 














numerical control (NC) - 305, 306, 310 
optimization of machine setup . 
PCBN cutting tools . 


peripheral 


peripheral, Mg alloys . . 
peripheral, refractory metals . 
peripheral, Ti alloys . 
peripheral, tool steels . . 
P/M high-speed tool steels . 
P/M materials . 

power consumption 
Power requirements 


“865, 
846, 848, 849 
* NES 





.880, 





PVD-coated tools : 
refractory metal: -860, 861, 30 
setup rigidity 

slab (peripheral) 320, 324, 
slab (peripheral), carbon and alloy 
steels 
















856 
speed, feed, and depth of cut . + 323-327, 329 





spur gears . 338, 339. 341 
stainless steels. . . .692, 695, 699, 701, 703-704 
straddle ... . . 308, 309, 320 









straddle, of tool steels 
surface alterations produced . 
surface finish and integrity 
Ti alloys .. 
tooling material choice 
tool life. 314, 315, 318, 321, 322, E 
tool steels . 715. 718-719, 721, 723, 726, 727 
uranium alloys . . ...875 
and vertical multiple- spi die autom: 
chucking machines м 
worm gears 
zirconium. 
Zn alloys 
Milling machines. 
Milling. 
bed-type . 
chucking 
die threading 
and drilling 
gantry-type 
gear manufacture. 
knee- ene colina 
lapping.... 
moving-bridge . 
multiple-spindle bar | 
nonreversing tapping attachments . 
planer-type .. . 
planetary 
profilers 


..715, 717 
ae 






































rotary millers 
single-spindle 
special-purpose ..... 
tape-controlled 
Mineral Гой... 
Mineral seal oil, to dilute cutting 
Missile lathes .. ? 
MMCs. See Meral-matrix compos ез. 
Molybdenum and molybdenum alloys 

















abrasive cutoff sawing . 868 
boring . 859 
732 


content affect ing tool steel gndabilty 
content in stainless steels . = 682, 
counterboring . . 
drilling... 
electrochemical grinding .. . 
electrochemical machining . 
electron beam machining 
end milling-slotting . . 
face milling 
in commerci 

compositions . 

in high-speed tool steels. 
in low-alloy steels. . 
in P/M high-speed tool steel: 
internal grinding . 
milling ..... 
oil hole or pressurized-coola 
peripheral end milling . . 
photochemical machining . 
power band sawing..... 
power hacksawing 
Teaming . 
spade drilling . 
spotfacing 
surface grinding 
tapping... 
to form simple and c 
trepanning. 
turning . 

Molybdenum specifi 
Mo-Re, face allie ER Cas ahora piii ipsu 863 
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Мо-50Ке, machining . . 858-864, 866-869 
TZC, machining 858-864, 866-869 
TZM, machining 858-864, 866-869 


..91-97 
.123 


Molybdenum carbide, in cermets .... 
Molybdenum ие, as а solid 
lubricant . 
Molybdenum tui 
tools used 
Moly Permalloy, photochemical n ma 
etchant 
Monel 
die cutting speeds 
drilling... 
electrochemical grinding 
honing stone selection . 
photochemical machining. 
threading... 
thread rolling . 
tool for electrochemical mach 
Monel 400 
composition 
machining . 
sawing .... 
Monel 401 
composition .......... 
machining 
Monel 450 
composition ....... 
machining ...... 
Monel 501 
contour band sawing . 
cutoff band sawing . 
Monel K-500 
contour band sawing . 
cutoff band sawing .. 
Monel K500, aged 
composition . 
machining 
Monel К-500, 
composition . 
machining 
Monel R-405 
composition . 
machining 
sawing. чө y 
Monitoring systems. Sce Tool солай 
monitoring systems. 
MP 35 (conventional iron powder) 
composition ... 
drilling time required and drill failure 
ршен results . 
ІР 36, composition 
MP 368 (P/M MAD 

























+. 837-840, 842, is 








. 361, 363, 842 








ees ceeded, 836 
837-840, 842, 843 



























composition . . 884 
inclusions ‚885 
in free-machining steels . 884 
percentage of inclusions by type . 885 





properties, sintering performance and chemical 
84 


composition of transverse rupture bars 
MP 37 (P/M material) 
composition ..... 
drilling time required. and dril failure . 
inclusions . si 
in free machining. steels. 
percentage of inclusions by type. 
prealloyed MnS iron powder ... i 
Properties, sintering performance and chemical 
composition bf ttanaverse rapture bars . 
sintering results . * 
Multiple-diameter reamers .... 
Multiple-operation machining . 03 
Ai alloys... 161, 764, 783. 793, 797 
automatic guided vehicle (АСУ) 
material-handling devices . 
automatic lathes а 
automatic shape tui 
automatic tracers 368 
automatic turret indexing 371-372, 376 


automatic turret 
lathes. . -371-372, 373, 377, 381, 387 
choice of ‘production techniques . 401-402 
CNC machine tools . 5, 393, 397 
СМС Swiss-type automatic. bar 
machin 
Cu alloys 



























- 375-376, 378 
rro s IS: 
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Multiple-operation machining (continued) 
cutting fluids . = 384, 386, 392, 393 
dimensional coi 390-392 
direct numerical cont 
engine lathes... . ..367, 368, 370, 


flexible manufacturing 

systems 366-367, 397-403 
form tools 380-381 
..368 


machine classifications 
machining centers . . . . 366, 368, 389, 390, 391, 
393-394, 398, 399, 400 























manpower requirements for system . . 402-403 
manual turret lathes . . 369-371, 373, 387 
material handling system 397 





Mg alloys ............ 826 


















multifunctional systems - 366 
NC lathes 368 
NC machine: 394, 398, 399, 402, 403 
Ni alloys. 840, 841 


process capabilities . 
production technique: 
ram-type turret lathes . 
saddle-type turret lathes . 
safety and protection 
screw machines . .. 
selection of equipment and 
procedure 
single-spindi 
machines 
single-spindl 
Swiss-type automatic bar mac! 
tool adapters and mountings; 
tool life . 369 
tool material an ign. 
tools, standard cutting . . 





transfer machines (transfer 

‚366, 393, 394, 395-397, 398 

indle automatic 

78-379, 382, 384 
397-398 


lines) Й 
vertical multiple-: 
chucking machines .. . 
work-in-process inventory . 
workpiece supports 




















Multiple-s fate automatic bar and img 
machin 378 
N 
N-155 
composition 
machining 738. 741-743, 746-747, желу 





Natural stone, diamond for machining 
NASA Co-W-Re 
composition 
machining 
Neodymium-gl 
machinin, 
Neoprene, and flotation tanks for cleaning 
cutting fluids 
Neoprene rubber, maskant material, chemical 
milling of AI alloys . . 
Nichrome, photochemical machining 
Nickel 200 — 
composition 
machining. . 
Nickel 201 
composition 
machining . . 
Nickel 205 
composition 
machining . 
Nickel 212 
composition 
machining . . 
Nickel 222 , 
composition 
machining. . 
Nickel 270 _ 
composition 
machining 
Nickel and 






e Laser beam 




















.837-840, pad 








ETE | 
-837-840, 842-843 












836 

н ; 3 

so Heat-resistant 
835. 

age hardening .. 


band sawing . - 
binder for WC 























broaching 
CBN for pı 
cemented carbides for machi 
chemical machining . 
chemical milling 











chip breakers 837 
compositions . 836 
content in cast Co alloys .69 
content in cermet tools ү 
content in low-alloy steels. 

content in stainless steels . . 682-684, 688, s» 


cutoff band sawing 
cutting fluids . 
агі 
electrical 

electrochemical discharge grinding - 
electrochemical grindin 
electrochemical machining . 
electron beam machining 





grinding. . 
un drilling. 
leat-resistant compositions. 737, 744 
hi machining . 598, 602 
high-speed tool steels used . 58, 59 
hone forming . = 


machinability 
microdrilling 
miling -- nD, y 
multiple-operation тас! ining 
PCBN tools used = 
photochemical 
machining.. 
planing . 
plating of drill 








-588, 590, 591, 593, 843 
837, 839 
219 


















power hacksawing 287 
reaming . 751, 839, 840 
sawing . . 358, 360, 841-843 
shaping 192, 837 
solution annealing 7.835 


spade and gun drilling . 
surface alterations 


tapping . 


threading . 
to harden ‘and strengthen ‘steel | er 
and trepanning........ 180 


turbine engine, electrostream and 
drilling . 
turning . . 740, 741-742, 837, 838, 839, 840, p 
Nickel-base heat-resistant allo: 
machining . .738, 741. 58s 746-747, 749-757 
Ni-Hard cast iron 
machinability testing 
milling with PCBN tools . 
turning with PCBN tools 
Ni-Hard 2C 
Nilo alloys 
band sawing 
broaching 
composition 
drilling . 
grinding 
milling - 
multiple-operation machining . 
planin; 
spade and gun drilling . 
tapping. 
turning . 
Nimonic alloys 
band sawing 
broaching 
composition 























tapping. 
thread grinding 
turning 


Niobium and niobium alloys 
alloyed with uranium for corrosion 
resistance 
content in st: 
electrochemical grinding 
electrochemical machining removal rates 
in cast Co alloys . 
milling....... 
photochemical machining . 
Niobium alloys, specific types 
C102, abrasive cutoff sawing ............ 868 
C103, machining 
C129Y, machining 
Cb-752, machining 
FS-85, machining . 
FS-291, machining 
Nb-Zr, machining . 
WC-3015, machining 
Niobium carbides 
in complex carbides 
in cermets....... 
Ni-span-c 902, aged, 
тасһїпїпё.............. 836—840, 842, 843 
Ni-span-c 902, unaged, 
machining .. ‚836—840, 842, 843 
Nitinol alloys, milling . 313 
Nitralloy, honing stone selection . 
Nitralloy 135, drilling 
Nitric acid. 
etching of damaged areas for surface 
integrity 
and d hydrogen absorption in chemical 
sip sities res sasea ө e 584, SBS; 586 
Nitrie/hydrofluoric acid 
chemical milling etchant ........ ‚873 
photochemical machining еїсһапї....592, 593 
Nitrides. See also Ceramics; Cubic boron 
nitride; Silicon nitride. 
Al nitride, analny to SisN,. 
Be nitride . 
















858-864, 866-869 
71-74, 80, E H 























Ti carbonitride cermets . 
Ti nitride cermets 
Zr carbonitride . 
Nitriding 
coatings for taps, Ti alloys . . 
and cold form tapping " 
and drilling 
of taps. 
Nitrites, an 
Nitrogen 
content affecting work-hardening rate in 
stainless steels. . ...................... 8! 
content in stainless 
steels 
gas form for milling Wi 
impurity in diamond . . .. 
in high-speed tool steel melting 
operation .... 
to harden and strengthen 
steel 667, 674, 675, 676 
Nodular irons. See Ductile irons 
cermet tools for milling . 
contour band sawing 
milling 
reaming 
turning . 
Nontraditional machining 











































processes ... 
classification of . 

Nose radius (NR) 
boring ..... 
of shaper tools 
shaping of tool steel die sections . 
and turning . 

Numerical contr: 
adaptive systems 
advantages 











automatically prog 

language . 615-616 
axis of motion 15, 616, 617 
basic length units ‚1.614, 616 


computer numerical 
control (CNC) ...... 613, 614, 615, 616, 617 
continuous path or contouring 
systems . 
direct numerical con: 
evolution ОЁ... 
feedback devices 
fundamentals . 
industrial robot systems and NC 
Local Area Network . 
machines ....... :614, 615, 616.6 87 
machining centers . 
part programmer required . 
point-to point (PTP) 
programming . 
programming . 
software, CNC s: 
system structure 
Nylons, SiC-filled, PCD tooling 














615, 616-617 
. 615-616 










Ol, O2, 04, etc. See Tool steels, speci ifie pee. 
Oblique cutting ‚7-8, 10 
Oil hole or pressurized-coolant drilling, 
refractory metals ..... 
Oil-hole reamers . 
Olivine sand, abrasive mixed with high Er ai 
waterjet . 521 
Orthogonal machining . 
chip ratio. 
chip velocity . 
forces .. 
rake angle..... 
shear апре, 
shear strain 
Out-of-roundness (eccenti 
electrical discharge grind. 
honing . 
and lapping 
multifunctio " 
P/M high-speed tool steel 
thread rolling ......+-+ 
Overtempered martensite (OTM) 
Oxidation 
steam treatment 
steam treatment of taps 
Oxidation diffusion processes 
Oxides. See Aluminum oxide; Beryllium ‘oxide: 
Ceramics; Cerium oxide; Chromium oxide; 
Iron oxide; Magnesium oxide; Silicon 
oxide; Yurium oxide; Zirconium oxide. 
Oxygen 
content affecting machinability of carbon 
and alloy steels . 
content in P/M materials ; 
surface treatment for drill: 
Oxysulfides, тарлау of 0з апі alloy 
steels.. 2.67; 








Sel. 863, br 


























2 .266 
.259, 260, 261 
41 











Pl, P2, P3, etc. See Tool steels, specific types. 
PCBN. See Cubic boron nitride, polvcrystalline. 
PCD. See Diamond, polycrystalline. | 





Peck drilling, ММС». 4, 898, 899 
Peening 
abrasive jet machining . 512, 513 
in bearingizing . .254 












Peripheral milling. See Milling. 
PH 15-7Mo. See Stainless steels. 
Phosphor bronze 
photochemical mz мй. 
thread rolling . 
Phosphorus 
cast iron content, effect on 
machinability . 
content in stainle 
and grindin; 
in free-machining metals 
in high-speed tool steels - 
to harden and strengthen 
steel ciere wes ane 667, 672, 674, 675, 676 





















Photochemical machining (PCM) ...509, 387-993 
advantages and disadvantages 591-592 
applications 587, 592 
Be alloys - 872. 
compared to chemical milling 2579, 581 
design considerations - 590 





etchability ratings of metals and alloys - 
etchant composition aR ы 
etchants . 587, 588, 589— 
etching 
etching machines . 
masking with photoresists 
metal defect effects on proces: 88 
87, 588—589, 590, 593 

.588 








photoresists .........- 5 
preparation of masters . 
































printed circuit etching application -593 
process description 587590 
stripping and inspect 590 
tolerances of metals . 591 


carbides . 
and drilling 
high-speed steel tool coatings - 

Piezoelectric dynamometer . 


Pitch 
and adjustable solid dies 
of thread chasers .. . 

Planers. See also Planing. 
adjustable rail mills . 
clamping hardware 
duplex tables . 
hydraulic . 
magnetic chu 
mechanical-drive 








setup plates ‚182 
tool capacity . 182 
workpiece сај 182 
Planing. See also Planers 
alloys . s 773, 778 
carbon and ..676 
cast irons . 





cemented carbides us 
compared to shaping nd pia V; 
contouring 
Cu alloys . 
and cutting fluids . 
and fixturing . 
and gear manufacture . 
hafnium T 








semi 
eeu feed, and Чер of cut -185-186 
tandem (gang) planing ‚ 182-183 


















tool design 183-185 
.58 
185 
186 
186 
186 
186 
vs ane 186 
vs sawing 186 
workpiece setup . 183 
zinc..... 855 
Plasma arc 


compared with laser beam machining . 
stainless steels. 


abrasive jet mact 
acrylic, drilling . 
carbon fiber reinforced, with PCD tooling .. 


cutting fluids used . 125 
drilling........ 1237 
electron beam machining . 1570 
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ground by diamond wheels... 
guide shoe material for honing 
honing н 
lapping 
lightweight fiber-reinforced, 
‘machining . . 
molded, driling : 
PCD tooling 
scrapers used in ECDG . 
thermal energy method of deburring . . .. ..578 
Platinum, photochemical machining etchant 590 
P/M materials. See Powder metallurgy unn 
Point modification, on drills . 226-228 
Polar additives, grinding...» 
Polishing 
abrasive flow machining 
Polyalphaolefins . . м 
Polycarbonate, waterjet machining 
Polyester, waterjet machining . 
Polypropylene, waterjet machining 
Polyvinyt chloride, waterjet machining 
Porcelain 
carbides for machining . 
honing stone selection 
Porosity, cemented carbides 
Potassium borate, ad 
Potassium carbonate, ECG 
Potassium chloride, ECM 
electrolyte . . 
Potassium hydroxide, etchant for 
laser-enhanced etching . 
Potassium nitrate 
EDG electrolyte .......... 


455, 460 
4 


























electrolyte for Ni allo: ioy ECM Eu 
Potassium phosphi G electrolyte»... ..545 
Potassium salts, ECG electrolyte . . 545 





Powder metallurgy alloys. See also Powder 
metallurgy tool steels 879-692 








bronze, composition . 
chip formation . . 
classification syste 
comparison of machinability parameters - 
compositions . 
composition effect. 
Cu-base material composi ions 
Cu-base structural materials . 
cutting fluids (coolants) .... 881, 886, RE 
cutting speed . . 879, 88. 6, 889 
deburring . 
coy © effect . 
design . 
drilling 
lectos Cai and capillary drilling 
end milling . 
face milling . 
ferrous struct 
forging . . 
grinding 
grinding ratio . 
hardness and density 
values 
honing 
lapping 
machinability .... 
machinability factors . . 
machinability indexes . 
machining guidelines . 
machining variables 
material guidelines . 
microstructure 
milling ..... 
Ni-Ag. composition 
optimizing part machining 
porosity factor . 
presintering.. . 
process effects . 
properties vs machinability . 
reaming .. E 
roller burnishing 889. 890; zal 
shaped tube electrolytic machining . 
sintering results .........- 886, 887, L3 a 
stainless steel compositions 

















































879, 883, 884 
880, 883, 889 
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Powder metallurgy alloys (continued) 
strength correlation 
surface 


.890 














finish .....879, 881, 883, 884, 885, 890, 891 
tapping 880, 881, 889, 891 
temperature factor. 882. 883, 884 
tool life . 879, 881, 882, 883, 884, 


885, 886, 887, 890 

turning -n.a 880, 881, 882, 884, 886, 889 
Powder metallurgy Cu-base alloys 

composition . .880 

hardness and -882 
Powder metallurgy Fe- base alloys 









hardness and density 
Powder metallurgy tool steels . 
advantages . . 
Anti-Segregation Process (ASP). 
carbon effect on machinability . 
chip formation . 
Crucible Parti ` 
commercial ASP tool steel compositions... 
grinding .. 734—735 
grinding ratio 
heat treatment . 
high-speed, annealing à 
high-speed, ASP steels heat treatment... 
high-speed. application of the FULDENS 


60-68, HON 





























high-speed, broaching . . 6-6 
high-speed, comparison of cutting edge 
Wear. 
high- speed, CPM process used . 
high-speed, drilling . 











high-speed, gear manufacturing. 67, 68 
high-speed, grindability index 62.63 
high-speed, hardening ‚63 


high-speed, hole mac 
high-speed, milling . 
high-speed, reaming 
high-speed, stress relieving 
high-speed, tapping . 
high-speed, tem ring 
ing conditions . 
ining operations 
sulfur effect on machinability . 
surface finish . 
vanadium effect 
Power band sawing 
Al alloys . 
Cu alloys 
heat-resistant alloys 
Mg alloys 
MMCs. i 
refractory metals . 
stainless steels 
Ti alloys . 
tool steels 
zirconium à 
Power hacksawing 
AI alloys . 
Cu alloys . 
heat-i PLATS alloys 
Mg alloys 
MMCs...... 
refractory metal: 
stainless steels... 
Ti alloys. 
tool steels 
zirconium ..... 
Precision boring 
machines . 161, 162, 168, 169, 171, 
Printed circuit board lami ates, PCD 
tooling . . 
Printed circuit boards, waterjet 
machining . 
Profiling, in conjunction with milling 322 
Programmable machine tools 4 
Proper fixturing 
clamping......... 
CNC automation . .. . 
cost factors .. 
definition... . 
duplex fixtures . 





















173 
























fixture design. 
hydraulic clamping . 
hydraulic/mechanical 
manual clamping . . 
modular fixturing for limited 
production . 













PLC automation ..407 
pneumatic clamping 405-406 
positive-lock clamping 1407, 408 

409-410 


SAFE Modular Fixturing System . 
vacuum clamping . 
Prostheses, microhoning 

Punching 

and gear manufacture... 

in conjunction with broaching 

NC implemented . 
PWA 90 
electrochemical grinding 







electrochemis 
grinding 
milling . 


Quartz 
lapping. 
ultrasonic ma hining 

сааш of high- aped tool steels ..... 

iick-stop devices, and orthogonal machining . . .8 











Rack cutting 
and machining of helical gears. 
and machining of large spur ge: 
used for gear manufacture 

Radial drill presses, boring 

Radiusing . 
abrasive. 

. machining .. 


-339, 341 























alloys. 
abras 
abrasive 
band sawi 
boring, Zr 
chemical milling, 
chip formatio 
chlorine-containing fluids . 
climb milling. Ti 
climb milling, 
cutting fluids 
cutting fluids, 
cutting speeds 
drilling 
drilling, 





















.852, 853 
853, 855, 856 
. 845-846. 




























.845, 846—847, 848, 850 
. .844, 846, 850, 851, 

853, 854, 855, 856 
844, 846, 847-851, 853, 854 
. 852, 854, 855, 856 


fire hazard 





grinding, Ti 
ZA 


8 
hafnium as reactive etal «844, 853, 855-857 
health and safety, H 
health and safety. Ж 
laser beam machining, Ti 
machinabili 
machining guidelines, Ti 











milling, Hf 



















milling, Zr 
peripheral end mil ing. 
planing, НЕ. . 
power band sawing, 
power hacksawing, Ti - 
reaming . 

reaming, Ti . 
reaming, Zr. 
sawing. Zr 
shaping, H 
surface finish . 
tapping, Ti 
tapping, Zr 
threading, Ti 
titanium as reactive metal . . 844-852, 853, 854 
tool life. Ti 84-847, B48, B51, 854, 855 





turning, Zr. 
Reaming .. 
aircraft engine components, surface finish 
requirements .. 
Al alloys . 766—767, 780, 782, 5s 
bushings and fixtures . 247-248 
659, 660 


СИЗЕ OD злу. с у» зә Ж ‚65: 
compared to broaching .... 194, 196, 201, 209 
812-813, 814, JE 



















Cu alloys ... 
cutting fluids 
heat-resistant 
in conjunction with boi . 
in conjunction with oai. Ta 
in conjunction with 

drilling. . . . .213-217, 219-223, 226, 228, ae 
in conjuncti n with honing 
in conjunction with lapping 
in conjunction with tapping . 
in conjunction with turning 
in machining centers 
in transfer machines 
Mg alloys. 
MMCs 
multifunction 

machining . 
Ni alloys .. 
P/M high-speed tool steels . 
P/M materials . я .889, Ea asi 
and power feeding in chip removal 

operations . . 
process capabilities 
reamer design . 
reamer materials . . . 
reamers ....... 
refractory metals 
selection of reamer 
special-purpose reamers, applications; 
stainless steels. 103, 704. 











































Ti alloys 
tool adapters 
tool life 
tool steels 
workpiece material and hardness. 
zirconium . P 
Zn alloys .. 

Recessing 
Cu alloys......... 
in conjunction with г 
multifunction machining ... 

Reciprocation 
and honing 
and lapping 

Refractaloy 26 
composition ...... 
contour band sawing 
machining . . ..738, 74 7, 

Refractory alloy TZM, surface alterations from 

material removal processes..... ar 

Refractory metals. See also Molybdenum and 

molybdenum alloys; Niobium and niobium 

alloys; Tantalum and tantalum alloys; 

Tungsten and tungsten alloys 8 
abrasive cutoff sawing 























ve 


с 


$ 
| 
i 
| 
| 
i 
| 
| 
| 
| 





abrasive sawing. 
boring .... н 
chemical blanking . 
chemical machining - 
chemical milling. 












chucking and fixturing - 1859 
circular sawing 867, 868 
climb milling 861. 867 
counterboring . 860, 863 





cutting fluids 125, 860-861, 
drilling 
edge retent 
electrical discharge machining . 
electrochemical machining 
end milling-slotting 
face milling . 
fire hazards . 
grinding . 
grinding parameters . 
grinding ratios 
high-speed tool 
hollow milling . 
honing . . 
low-stress grinding procedures i 
milling . . 
molybdenum machining . 
niobium machining 
oil hole or pressurized- 
drilling . 
peripheral 
power band sawing . 
power hacksawing 
reaming 
shaping . 
spade drilling . 
spotfacing 
tantalum machining . 
tapping . 
thread mi 
tool geometry. 


863, 865. 867-869 
..860, 861, жс 






































860, 861, 867 
858, 859, R60 
1858; 859, 860 


861, 863, 865 
R65, 866, 867 
867 





tool 859 
tools . 865 
trepanning 

tungsten machining . 

turning . . 


wire EDM 
Regrinding 
boring tools 
broaches . 
cemented carbi 
dies.. 
and drills > 
eliminated by use of indexable-insert 
cutters . 
and multiple-operation machining 
and shaving cutters . 
Relief (clearance) angle . 
René 4 
broaching . . . .204, 206, 
chemical milling. ..... 
composition . , 
contour band sawing . 
drilling. . 
electrochemical grinding 
electrochemical machining removal rates 534 
grinding . . 547 
machining 















208, 209, 743, 745-746 
А 584 






















manufacturing rating. 
milling. . . 
photochemical machining 
production time 
Shaping ...... 
surface alteratioi 
processes .. 
thread grinding... 
René 63 
machining . . . . 738, 741-743, 746-747, T 
thread grinding межжа 
René 77 
machining ... .737. 738, 741-743, 746-757 
thread grinding . n 275 
René 80 ..... 22 
composition . 
machining .. 








removal 














: 737 
1798, 741-743, 746-757, 758 





René 95 
composition ...... 
machining . .. 737. 738, 741-743, 746-757. E 
thread grinding. 

















René 100 
comi ion . 
machining . 


René 125, machining 
Resetting, and multiple-operation machining 366 
Residual stress . 2,25, 26, 30 

4340 steel surface milling 
from surface grinding of Déac steel 



















Reworking, reamers . .... 
Rexalloy, honing stone sclection 
Rhenium, photochemical machining 
Robotic systems, waterjet machining. 
Rock, ground by diamond wheels 
Roller burnishing . 
Al alloys ... 
bearingizing И 
'u alloys. 
fillet rolling 
in conjunction with boring - 
P/M materials . 
speed, feed, and lubrication . 
tolerance and finish 
tool life . 
tools. 
workpiece requi 
юр PCD tooling inserts . 
'ubbei 
drilling 
honing 
thermal energy method of deburring.... 
Rubber-backed carpet, waterjet machinery - 
Rubber tile, waterjet machinery 
Ruby, ultrasonic machining 
Rust inhibitors, tapping .... 


















S1, S2, S3, etc. Sce Tool steels, specific types. 
S-816 





machining . 
Sandblasting, compared to abrasive e 
machining ...... 
Sanding, surface alterations produced . 
Sapphire 
nozzles for abrasive jet machining . .. 5 
ultrasonic machining 529, 530. 
wire guide for wire EDM . | 
shire, synthetic 
tor. orifice of Мон nozzle 


































applications. 
band 


band, Al alloys . 
band. Mg alloys 
band, vs planing 
band sawing machines 
circular .......- 

circular, Al alloys . 
circular, cemented carbide tools . 
circular, Cu alloys 
circular, heat-resistant alloys 
circular, ММС». б 

circular, refractory metals 
circular, tool steels . 
circular, Zr 
contour band . 
Cu alloys . 
cutoff band. 
cutting fluids used 
fixtures and attachments 
hacksawing 
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PCD tooling inserts. 
safety . 


tool life 
vs planing 
zirconium . 
Zn alloy: 
Saybolt universal Second 
measure of lubrication oil 
Scanning electron microscopy 
and chip formation process . 
surface texture measurements .. 
Screw machining. See also Multiple-operation 








machining. 
cutting fluid flow Fecomnmendationse 127 
cutting fluids used... 125 































susceptibility to faking ... 
Screw threads, die cutting speed: 
Seeded gel 
amen abrasive . 
grinding . 
Selenium. 
content additions to P/M materials . 
content in stainless steels . 68; 
in free-machining metals . 
machinability additives . 
and machine turning of resulfurized ` 
steels 
Semiconductors, laser-enhanced etching 















in a uniri with boring . 

multifunction machining . . 
Servo control 

electrical discharge prindin 

method of operation for EDM 

relation to adaptive control . 

sawing . 

17-4 PH. See Stainless steel 
Shale, ground by diamond wheels... ++. 455 
Shaped t tube electrolytic machining а 

EM). 
a electrolytes . 








apes 
appie ions . 
NC machines. 


compared to electrostream and capillary 
drilling .. „5% 
equipment . 
limitations 
power supply 
process ci 
process parameters . . 
tooling . . 
‘Shapers . 
crank driven horizontal . . 
horizontal ..... 
hydraulic horizontal . 
speeds by type. 
уегїса!.......... 
$һарїпр..........- 
Al alloys 
carbon and low- alloy steel 
carbon and alloy steels 
cast irons . 
and chip formation - 
compared to broaching 
compared to sawing . 
cutting fluids used 
electrochemical m: g- 
external or internal contours 
flat surfaces 
form cutting . 
and gear manufé 




















94, 196, 209 
363-364 
i25, 191 

27 






193, 330, 
330-340, 342—: 4 


ture 


grooves, slots, and keyvays 
hafnium . 
heat- resistant alloys . 
Mg alloys. 

and milling 
Ni alloys ... 
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Shaping (continued) 
process capabilities .... 
ram stroke and clearance 
shapers, and die threading . 
shapers, and dimensional control 
shapers, and form cutting . 
shapers, high-speed tool steels used . 
speed, feed, and depth of cut 
and spur gears . 
tool life and slotting - 
tool steels . 
workholding devices. 
and worm gears . 
zirconium . 

Shear angles 

Shear cutting 
and gear manufacture 
and internal gears . 
and spur gears ... 

Shear front-lamella structure . 

Shear plane . . 

Shear strength . 

Shear stress 

Shear zone. 

Shell reamers.. 

Shot peening . 
effect on AISI 4340 steel 
electrical discharge m: 
electrochemical machining . 
improvement of fatigue strength . 
Inconel 718 fatigue strength 

SiAION. See also Silicon nitride. .. 
cemented carbides for machining 
cutting of Ni-base superalloys . a 
er, material for high removal rate 

maci 

































239, 241, 243- Jui 
.21, 27, 34, 35 
35 





high-speed machining .. 
insert for turning fiber FP AI MMC . 
tool materials for cast iron machining 
tool material properties . 
turning heat-resistant alloys 
Side cutting edge angle 
(SCEA) 











. 19, 20, 143, 151, 192 

Side rake angle (SR) 142, 143, 151, 162 

Side relief angle (SRF) 143 
Silica dust, abrasive jet machining, health 

hazard . «512 





Silica flour filled epoxy resin (SFFER) . - i08, 109 
Silica sand, abrasive mixed with high-pressure 
waterjet 521 
Silicon. See also 
Silicon nitride. 
content in Al alloys and machinability . .. 761, 
767-770, 775-777, 779, 75 789, pi 
content in MnS P/M powder: 
content in stainless steels . 
electrochemical grinding 
and electrochemical machining - 
in high-speed tool steels 
in tool steels ....... 
laser-enhanced etching б 
to harden and strengthen steel 
ultrasonic machining. ...... 
Silicon carbide 
abrasive for abrasive jet machining . . 
abrasive for cast irons . 
abrasive for electrochemical grinding 
abrasive in honing cast irons .... 
abrasives .... 102, 430-432, 434, 444, 
for abrasive ‘slurry in ultrasonic 
machining .......... 
for grinding carbide cutters 
and gear аата шв 
grinding . . 
Binding wheels ioe Al alloys 
grinding wheels for carbon and alloy 
steel 
grinding 
grinding wheels for Ču alloys . 
grinding wheels for Ni alloys 
grinding wheels for refractory metals 
grinding wheels for stainless steels 
grinding wheels for thread grinding > 
grinding wheels for Ti alloys .. . .848, 850, 851 







ilicon carbide; 




































grinding wheels for tools for Mg alloys .. 
grinding wheels for tool steels. 
grinding wheels for W . 
grinding wheels for Zr . 
honing Al alloys . 
in abrasive flow machining . 
in abrasive slurry for ultrasonic. 
machining . . 
in honing stones 475, 476, dm 4%, d 490 
lapping .....- 
and Mg alloys . 
tool material for 
wheels, thread grinding. . 
Silicon nitride. See also Ceramics; SiAION. 
coatings . . 
gray iron metal removal rate: 
high-speed machining . 
machinability . 
primary applications 
tools for cast 
Silver 
electrochemical grinding 
honing stone selection . 


-821 
728 



































Sine sine or mulüple-spindie 
-. 136, 140, 367-369, 


371-374, 376-378 
$ 101 





Sintering . 
additives 
beryllium... 
cemented 
сегаті 
diamond and СВМ. 
and the FULDENS proces: 
in production of cemented carbides . 
liquid-phase 
P/M materials . 
pressureless 
sinter, HIP process, ceme 

Slab milling. See Milling, peripheral. 

Sliding friction 

Slottin; 

Al alloys . 
cemented carbides used . 
in conjunction wi 

























































milling Эм, 308, 320, 321, 322 
machines 187-188 
827, 828 

1374 

process capa 187 


refractory metals . 
ram stroke and с 
workholding devices 
Sodium bicarbonate, abrasive for abrasive jet 
machining 512 
Sodium borate, electrochemical grin 
Sodium carbonate 
ECDG electrolyte 
ECG electrolyte . 
Sodium chlorate 
ECG electrolyte. 
ECM electrolyte. 
Sodium chloride 
ECG electrolyte 
electrolyte for 





hinge etchant 

Ind éirese-Cofrotion cracking... 

Sodium hydroxide 
ECG electrolyte... 
electrolyte for ECM. 
etchant for chemical milling of MMCs . 
photochemical machining etchant 
used in chemical treatment before 












resins, 
treatment of cutting fluids .. 
Sodium molybdate, ECM electrolyte 
Sodium ni 


nitrate 
ECG electrolyte . * 
ECM electrolyte . 533, 535, 5 E 
ECM electrolyte for Ni alloys . 








laser-enhanced etching neutral salt 









solution . 

Sodium phosphate, and Ei 

Sodium sulfate, photochemical machining 
etchant. 





Sodium tungstate, and ECM . 









Softening point, tool materials . 601 
Soft honing ..... 21 
Softwood, carbides for machining . n] 
Solid reamers . 239, 243-244, 246 
Spade drilling 

Al alloys..... 1771, 782 

refractory metals , 864, 865 
Special helical profiles, thre: ..278 


Special roll-turning lathes. See also High 
removal rate machining. 
Spherical boring machines 1166, 167 
Spiral-flute chucking reamers 2241, 242 

Spot drilling, combined with 
249-250 
249-251 









countersinking 
Spotfacing . 
cast irons . 
heat-resistant alloys . 
in conjunction with drilling.. 
refractory metals . 
speeds and feeds 








581, 
-213, 215, 219, 235 
. 860, 863 






















abrasive jet machining fem 
abrasive waterjet machining . 
adaptive control implemented . 
AISI numbering system . 
О, effect on stainless мее 

AST XM designations 
austenitic classification . 
broaches or stainless steels 
broachin; 
calcium 
CBN as abrasive for honing . 
cemented carbide machining 

applications .... 
ceramic cutting tools 
cermet tools applied . 
chemical milling . 
chip formation . 
classification. 
cold working and а 
comparisons 
composition . 
contour band sawing 
SEE temperature behavior 
cutoff band sawing 
cutting fluids 

used . . 125, 691-698, 700-701, ue gid 
cutting speeds ..... 700 
deoxidation practice . 
die threading 
drilling...... 














‚86, 87, 88. 
‚ 103 











L 

690, 697-698, 699 
. 686, 687, 690, 691 
.681, 682, 683, bd 





drilling test ....... 
duplex classification. 
electrical discharge grinding . 
electrical discharge machining 
electrochemical grinding . 
electrochemical machii 
electron beam drilling 
electron beam machini 
électtosieam and capillary ari 
electrostream and shaped tube electrolytic 
machining . : 
end milling . 
enhanced-machining alloys 
extralow-interstitial (ELI) alloys. 
ferritic classification 
free-machining alloys 
free-machining апа non-free-machining 
stainless steels correspondence ........ 684 
general guidelines for minimizing difficulties 
in machining. ..690-691 
grinding. . 
hardness level 
heat treating 
hone forming . 
honing.... 



























lapping.......... 
laser beam machining 
machinability ...... 

machinability additives . 
machinability of austen у: 
machinability of duplex alloys . . .689-690, 691 
machinability of ferritic and martensitic 








loys 
machinability test matrix 
machining characteristics . ..681 
martensitic classification . . . 681, 682, 683, 684 
milling . «312-314, 327, 699, 701, 703-704 
non-free-machining alloys 

classification ..... ++, -681-684 
PH alloys classification . . 681, 683, 684 
photochemical machining 
plasma arc machining . 
plunge machining test. 
P/M materials, hardness ai 
power hacksawing 
power requirement 
reaming 
sawing. 
screw machine te: i 
shaped tube electrolytic machining . 
slab milling ....... on А 
soft-magnetic modified versions mh 
surface finish . . . .685, 686, 687, 689, 691, 
































and surface integrity... 


tapping ... 
taps for 


threading . 
thread mi . 
thread rolling . 
tool for ECM . 
tool life....... s 






‚ 293, 701—703 
. 533, 536, 537 

1, 685-686, 688-689, 
691, 695, 701, 703 

tool life test . 690 








turning ... 
Unified Numbering System (UNS). ...... 681 
Stainless steels, specific types 
-8, chemical milling .......... 


PH 13-8 Mo, wrought heat-resistant. 
15-5 PH, wrought heat-resistant 
PH 15-7, chemical milling. . 
PH 15-7, photochemical machining 
PH 15-7 Mo, machining . . 








..588 
TA 738, 739 
17-4 PH, machining . . 203, 269, 360, 362, 534, 

584, 588, 738 
17-7 PH, machining . . .360, 362, 584, 588, 738 
18-8, drilling. . ... .219 

















18 SR, wrought heat-resistant . 
19-9DX, wrought heat-resistant 
21-6-9, wrought heat-resistant 
26-ITi, wrought heat-resistant . 
200 series .. 
200, turning wi s. 
202, machining . . . 144-147, 179, A 
324, 326, 360, 
215, photochemical machining . . 
216, wrought heat-resistant 
250, surface alterations . . 
250, turning with cermet tools . . 
300 series. 2 
300, machining . 
302B, thread grinding . . 
303F, contour band sawing . 
303F, cutoff band sawing 
304L (P/M), machinin; 
304N, wrought heat-resistant . 



















360 
+» 883-886, 890 
738 


308, machining. . 144—147, 179, 207, 274, 323, 
324, 326, 360, 362 


314, contour band sawing 
314, cutoff band sawing 
314; thread grinding . 
3161. (P/M), drilling б 
316N, wrought heat-resistant . 
330, contour band sawing 
330, cutoff band sawing 
330, thread grinding 
348, machining . 



























350, turning with cermet tools............ 93 
385, machining ........... 144-147, 179. 207, 
274, 323, 324, 326 

400 series ... 88, 93, 95, 266 
5 it -93, 231, 547 

а ...738 

422, machining . - 144-147, 179, 207, 738 
429, broaching . .207 


29, trepanning 
4308e, spade drilling 
436. broaching . 
436, trepanning . 
439, wrought heat-resistant 














500 series, cemented carbides . 88 
501, machining . + 144-147, 179, 207 
502, machining . 144-147, 179, 207 

. 682, 683 


N08020, composition 
308020, 


machining .  . 689, 692-696, 698-700, 703, 704 
N08330, tapping 695, 699 
513800 (XM-13), 1683, 684 
513800, 











machining. . . 692-694, 696. 698-700, 703, 704 
515500 (X! ). composition. .......... 4 3 
515500, 

machining . . 692-694, 696, 698-700, 703, 704 
517400 (630), composition ..........683, 684 
517400, 

machining . . 691-694, 696, 698-700, 703, 704 
517700 (631), composition ..........683, 684 
$17700, 

machining . . . 692-694, 696, 698-700, 703, 704 
518200 (XM-34), composition... ..682 
$18200, machining ........ 684, 692-694, 696, 

698-700, 702, 704 


518235, composition . 
$18235, machining . 


698—700, 702, 704 
520100 (201), сот ks ...682, 683 
520100, machining . . .. 144-147, 179, 207, 225, 
274, 323, 324, 326, 360, 362, 692-6: 
696, 698-700, 703, 704. 
520300 (XM-1), composition . . . , 
520300, machining . . . .684, 686, 68: 
696, 698-71 
520910 (XM-19), composition .. . 
520910, 











.682, 683 


machining . . . 692-694, 696, 698-700, 703, 704 
524100 (XM-28). composition .. .....682, 683 
S241 

machining 


692-694, 696, 698-700, 703. 704 
528200, сопу 


28200, machining . . 
698—700, 703, 704 
530100 (301), composition . ........ .682 
530100, machining... .. 144-147, 179, 207, 225. 
323, 324, 326, 584, 588, 692-694. 
696, 698-700, 703, 704 

530200 (302), compo: 


ion. 683 
530200, machining . . 








..682, 

‚27, 144-147, 179, 
207, 225, 274, 301, 323, 324, 326, 
360, 588, 682-684, 690, 692-694. 
696, 698-700, 703, 704 
530300 (303), composi . ..682 
530300, machining 58, 225, 237, 269, 282, 
301, 360, 362, 566, 684-687, 689, 
692-694, 696, 698, 702, 704 

530300, (P/M), drilling . 
530300, (P/M), machinability . 
























530310 (ХМ-5), composition 682 
530310, machi € , 686, , 94, 
696, 698-700, 702, 704 

530323 (303Se), composition ... ...682 
530323, тасһїпїпг... 225, 692—694, 
696—700, 702, 704 

530330 (303Cu), composition........ 682, 684 
$30330, machining . . . 689. 692-694, 696, 
698—700. 702, 704 

- - 682, 684 





530345 (XM-2), composition .... 
530345, 


machining . 692-694, 696, 698-700, 702, 704 
530360 (XM-3), composi 682 
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530360, machining ........ 684, 692-694, 696, 

698—700, 702, 704 
530400 (304), composition ...... 682, 683, 684. 
530400, machining . .. .. 58, 144-148, 179, 204, 


207, 209, 223, 225, 237, 269, 274, 301, 323, 
324, 326, 529, 566, 581, 584, S88, 684, 685, 
689, 690, 692-696, 698-700, 703, 704, 738 
$30403, composition . ... 682, 683 
$30403, machining ‚ 174, 179, 207, 
225, , 323, 324, 326, 692-694, 

696, 698-700, 703, 704, 738 

530430 (XM-7), composition. zaida 882. 
530430, machining ........ 684, 692-694, 696, 
698-700, 703, 704 


530431, composition . 682, 684 
530431, machining . . . 684, 689, 692—694, 696, 
698-700, 702, 704 
530452 (XM-21), composition ...... .682, 683 
530452, 
machining . .692-694, 696, 698-700, 703, 704 
530500 (305), composition. ........ ,682 
530500, machining. . . . 144-147, 179, 207, 225, 
588, 692-694, 696, 698-700, 703, 704 
530900 (309), composition ......... 682, 683 
530900, machining ... 225, 274, 360, 362, 689, 
692-694, 696, 698-700, 703, 704, 738 
530908 (3095), composition .. . ......682, 683 
530908, machining . . . .225, 274, 692-694, 696, 
698—700, 703, 704 
531000 (310), composition ..... 
S31000, machining. .......22: 
692-694, 696, 698-71 
531008 (310S), composition 
$31008, machining... .225, 27 


531600 (316), composition 
$31600, machining .... 65 
282, 360, 362, 513, 537 
689-696, 698-700, 70: 
531603 (316L), composition 
















531603, machining ........225, 274, 692-694, 
696-698, 703, 704, 738 
531620 (316Е), composition . ............ 682 


531620, machining .. . .225, 684, 692-694, 696, 

698-700, 702, 704 
531700 (317), composition . . + 682, 683 
531700, machining ........225, 274, 360, 362, 

692-694, 696, 698-700, 703, 704 

531703 (3171.), composition ............. 
531703, machining ........ 225, 692-694, 696, 
698-700, i 704 





531803, composition . 
S31803; machining . . 





698-700, 703, 704 

532100 (321), composition .......... 682, 683 
$32100, machining . . . 144-147, 179, 207, 225, 
274, 301, 323, 324, 326, 360, 584, 588, 689. 


738 


= .682 
+225, 692- ‚ 696, 
698—700, 703, 704 
.682, 683, 684 
, 692-694, 696, 
698-700, 703, 704 


690, 692-694, 696, 698-700, 703, 704, 
532550, composition 


532550, machining 










532900 (329), composition . 
532900, machining 





532950, composition ............... 682, 684 
532950, 

machining . . . 689-694, 696, 698-700, 703, 704 
534700 (347), composition ...... 682, 683, 684 


534700, machining ... 144-147, 179, 203, 207, 
225, 274, 323, 324, 326, 588, 684, 

693, 694, 696, 698-700, 703, 704, 738 

534720 (347F), composition . 682 
534720, machining . . . .225, 684, 
698— 

534723 (347FSe), composition . . ..682 
534723, machining . . . .225, 684, 692-694, 696, 
698—700, 702, 704 

535000 (633), composition...... ..683 
535000, machining ........690, 692-694, 696, 
698-700, 703, 704 
.. 683, 684 

690, 692-694, 696, 
698—700, 703, 704 
538400 (384), composition ............... 682 











535500 (634), composition 
535500, machining 
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Stainless steels, specific types (continued) 
538400, machining 144-147, 179, 207, 
225, 274, 323, 324, 326, 692-694. 
696, 698-700, 703, 704 
540300 (403), composition 
S40300, machining . . . . 144-147, 204, 
693, 694, 696, 698-700. i, 704, T8 
540400, turning 692 
540500 (405), composition . 
540500, machining ........ 179. 
693-694, 696, 94.770, 703, 704 
$40900 (409), composition ... .. 682, 683 
40900, machining. ...179, 207, 225, 692-694, 
696, 698-700, 703, 704, 738 
541000 (410), composition . . ....682, 683, 684 
541000, machining , . 27, 29, 58, 144-147, 204, 
207, 225, 301, 360, 362, 588, 684, 688, 689. 
692-694, 6%, 698-700, 702, 704, 737, 738 
682, 683 

























541600 (416), composition . ” 682 
541600, machining 225, 237, 269, 
282, 301, E eg, 362, 684-686, 688, 689, 
692-694, 696, 698-700, 702, 704, "Es 

S41610 (XM-6), composition . 
$41610, machining . . . .684, 686, 92-694. x 
698700, 702, 704 
841623 (416Se), composition 682 
541623, machining ........6 4, 696. 
698-700, 703, 704 


542000 (420), composition ...... 682, 683, 684 
542000, machining . . . . 144-147, 179, 207, 225, 
588, 684, 692604, 696, 698-700, 702, 704 
Seat сотрозйїоп............... 682, 683 
machining . . 692-694, 696, 698-700, 702, M 
542020 (420Е), composition . . . . 
542020, machining . . . 225, 301, 360, 362, po 
692-694, 696, 698-700, 702, 704 
542023 corse). composition ..682 
842023, machining . . . .225, 684, 692-694; 696, 
698—700, 702, 704 

543000 (430), с s 


543000, machi ‚ 282. 
588, 92-694, 696, PAN. 702, 704, E 
543020 (430F), composition . 682 
43020, machining . . . 225, 

692-694, 696, 698-700, 702, 7% 
543023 (430FSe), composition ..........- 
543023, machining . . . .225, 684, 692-694. on 

Ө; ^ ie 






























543400 (434), composition - 
543400, machining . . 179. 
96, 


544002 (440A), composition . 
544002, machining , 
692-694, 696, 6 8700. 702, 704 
544003 (440B), compas tion 2.682, 683 


544003, machining 
696, 698-700, 702, 704 
544004 (440C), composition . 
544004. machining . . . 225, 360, 
692-694, 696, 698-700, 702, 704 
$44020 (440F), composition . 682 
844020, machining . . . 225, 301, 360. 362, 684, 
692-694, 696. 698-700, 702, 704 
544023 (440FSe), composition . 682 
544023, machining . ...225, 684, 692-694, 696, 


698-700, 702. 704 

544200 (442), composition: .682, 683 
S44200, machining . . . 179, 207, 22 

696, 698-700, 702, 704 

544300 (443), composition .. .... 1.682 


544300, machining . ; 360, 36: 

696, 698-700, 702, 704 
544400 (444), composition 682, 684 
544400, machining . . . 225, 





















544600 (446), composition 
544600, machining . 
688, 692-694, 696, а 703, 704, 738 





STAMP process . 
Steels. Ste also Stainless ‘steels. 


$45000 (XM- 25), compo: 


а. „692-694. 696, 698-700, 703, 704 
$45500 (ХМ- 16), composition .. ....- З, 684 


an. . 692-694, os; 698—700, 703, 704 
s .683, 684 









698-700, 703, 704 
18Cr-2Mo, wrought heat-resistant 738 
i, Mn content effect 

































18Cr-9Ni-3Mn, effect of C 
machinability 
20Cb-3, tools for shaped tube el 
machining ....... 
29Cr-4Mo, wrought heat. 
‘Almar 363, wrought 


‘AM-350, wrought he: 
‘AM-355, chemical milling .. . 
AM-355, wrought heat-resistant 
Carpenter 18-18 Plus . 
Custom 450, wrought heat-re: 
Custom 455, wrought heat-resistant 
E-Brite 26-1, wrought heat-resistant 
Greek Ascoloy. wrought heat-r 
Н-46, wrought heat-resistant 
Jethete M-152, wrought heat-re: 
МЕЛ...» eati 

Moly Ascoloy, wrought heat-resistant 
Nitronic 32, wrought heat-resistant .738 
Nitronic 33. wrought heat-resistant 
Nitronic rought heat-resistant 
Nitronic rought heat-resistant 
SS-303N 1-25, hardness and density 
SS-303N2-35, hardness and de: 
SS-303L-12, hardness and density 
SS-304N 1-30, hardness and density 
SS-304N2-33, hardness and density 
SS-304L-13, hardness and density . . . 
SS-316N1-25, hardness and density 
SS-316N2- ardness and density . . . 
SS-316L-15, hardness and density . 
SS-410-90HT, hardness and ety è 














boring 
broachability constant 

bearing. ground by CBN wheels 
bearing, grinding . 


































boring bars . . 171 
case-hardening steel ..67 
chemical mi 586 
cold form tapi 66 


E 

contour band sawing . 
counterboring...... 
cutting fluids used. 

die cutting speeds 
drilling 
edge re! 
electrical 


grade 250 maraging EDG . 
guide shoe material for honing 
high removal rate machining 
high-speed machining ..... 
hone forming .. 
honing stone selection - 
lapping 

lead and sulfur 
low-stress grinding procedures 
machinability . 
microhoning . 
milling . . 
photochemical machining 
planing . 
reaming . 
resulfurized or leaded 
roller burnishing 
shaping . 
spade drilling 
spotfacing 
and surface integrity . 








thermal energy method of deburring 
thread grinding . 
threading. . 
threading, circular chasers . 
threading, as chasers 
thread milling . 4 
thread rolling . 
turning ..... 
turning. machinability ratings 
Steels, AISI-SAE, specific types 
1005, machining . . eru (ps d 
325, 9, 668 
E Eva D E "Y", 
342, 345, 347, 349, 668 

















1006, machining... 
323. 


1008, machining ..... 144-147, 179. 207, 274, 
323-325. 342, 345, 347, 349. 

360, 361, 388, 668, 672 

1009, machining. 144-147, 179, 207, 274, 


323-325, 345, 347, 349, 360, 361 
1010, тасш, 144—147, 179, 207, 209, 274, 
82, 291, 293, 323-325. 342, 345, 





1012, machining .....- 144-147, 179. 207, 274, 
323-325, 342, 345, 347, 
349, 360, 361, 668 
-207, 24 342, 345, 347, 
9, 360, 361, 668 

1015, machining ...... 144-MJ: 174, 179, 207, 
262, 274, 323-325, 342, 345, 
347, 349, 360-362, 668 
207. o 291, 32. 345, 347, 
349, 360, 361, 668, 670 
РРР 144—147, 179, 207, 
225, 274, 321, 323-325, 342, 
345, 347, 349, 360, 361, 668 


1013, machining. . 


1016, machining . . 
1017, machining . 















1018. machining . . .27, 58, 207, 225, 
22. 214, 282, 285, 301. M2, 

‚ 347, 349, 360, 361, 668 

10LI8, broaching.- n) 


1019, machining . . . 2 
15, 58, 144-151, 164, 


1020, inning. 
07- -209, 2 246, 247, 











E /261; 263. 264, 269, 291. 
323-325. pa 345, 347, 349, E А, 
363. , 54 84, 668, 8 


207, 225, 274, 342, 345, AL 
349, 360, 361, 668 

1022, machining , $8, 207, 225: 274 290,342, 
347, 349, 360, 361, 389, 672, 668 

1023, NE 179, 207, 225, 274, 323-325, 
34: p. 345, 347, 349, 360, 361, 668 

1025, лара ‚144-147, 179, 207, 225, 274, 
323-325, 342, 345, 347, 349, 360, 361, 668 
1026; machining 


1021, machining . . 








27, 208, 225, 274, 342, 345, 
347, 349, 360, 361, 668, 672 
.207, 225, 274, 342, 345, 
347, 349, 360, 361, 668 
144-147, 16: 








1029, machining . 





1030, machining... . . 165, 179, 
au D 






1033, machining . M MT, “179, "GA. ‚2 
323-325, 342, 345, 347, 349, 360, 361 
. 144-148, 179, 207, 225, 
246, 247, 274, 323-325, 342, 
S. 347, 349, 360, 361, 363, 668 
1037, machining . . 144-148, 179, 204, 207, 209, 
225, 274, 323-325, 342, 345, 
347, 349, 360, 361, 668 
144-147, 179, 207, 225, 274, 


1035, machining - 





1038, machining. 


7. 288, 291, 293, 294, 323-325, 

342, 345, 347, 349, 360. 361, 668 

1039, machining . 
323-325, 3 


‚144-147, 179, 207, 225, 274. 
45, 347, 349, 360, 361, 668 
144-147, 179. m 225, 274, 





1041, machining 
1042, machining 


225, 2t ] 
- 144-147, EA 207, 225, 274, 
323-325, 342, 345, 347, 349, 360, 361, 668 


1043, machining . 144-147, 179, 207, 225, 274, 
323-325, 342, 345, 347, 349. 360, 361, 668 


1044, жшн. 144-147, 179, 207, 225, 274, 
3-325, 342, 345, 347, 349, 360, 361 
1045, асыш. . 58, 81, 87, 88, 90, 92, 
144-148, 164, 165. 172, 179, 191, 207, 209, 
225, 246, 247, 251, 263. 274, 285, 323-325, 
342, 345, 347, E 360, 361, 364, 388, 640, 
3, 668, 673, 674, 676, 886 
1046, machining . pru 179. 207, 225. d 
323-325, 342, 345, 347, 349, 360, 361. 
1049? machining . 144-147, 179, 207, 225. a 
323-325, 342, 345, 347, 349, 360, 361, 
1050, machining .. 58, 150, 179, 207. 225, E» 
323-325, 342, 345, 347, 349, 360, 361, 668 
1053, y machining; "144-147, 179, 207, 225, 274, 
323-325, 342, 345, 347, 349, 360, 361, 668 








1055 


mä hining . 144-147, 179, 207, 225, 274, 
323-325, 342, 345, 347, 
9, 360, 668, 









































3 
1059, band sawing 
1059, turning mach y 
1060, machining ......... 


1063, band sawing 
1063, broaching . 
1064, band sawing 
1064, thread grin fing, 
1064, turnin; ichinability rating 
1065, band sawing 

1065, thread grinding 
1065, turning machinability rating 
1066, band sawing 
1066, turning machinability rating 
1069, band sawing 

1069; thread grinding . 
1069, turning gnechinabity rating 668 
1070, machining . . ..209, 225, 274, 360, 














1074, band sawing 
1074, thread grinding . 
1074, turning machinability Ta 
1075, band sawin 
1075. thread grin 
1075, turning machinal 
1078; band sawing . 
1078, thread grindin; 
1078, turning machin: 
1080, band sawin, 
1080, thread grinding . 
1080, turning machinabi 
1082, band sawing . 
1084, band sawing 
1084, thread grinding 
1084, turning ТУАНУ rating . 
1085, band sawing . . 
1085; thread grinding . я 
1085, turning machinability rating . 
1086, band sawing .... 
1086, thread grinding . 
1086, turning machinability rating . 
1090, band sawing ..... 

1090, thread grinding . 
1090, turning machinability rating . 
1095, machining . .274, 282, 315, 360, 361, ‚ 668 
1108, band sawing . 360, 361 
1108; broaching 
1109, band sawing . 
1109, broaching 
1112, machining . 


286, 318, 360, 361, 362 
1113, multifunctional machining. 
1113, reaming эке 
1113, вазїпа. 
1115, broaching 
1115, sawing... 
1116; mach 





























` 347, 349, 360 62. 

. 164, 179, 207. 225. 246, 247. 
„ 263, 274, 282, 342, 345, 347. 
349, 360-362, 364, 668 
1118, machining... ... 179, 207, 225, 246, 247. 
342, 345, 347, 349, 360, 361, 668 

1119, machining......179, 207, 225, 342. 345. 
347, 349, 360, 361 


1117, machining 





1132, machining .. . 179, 207, 225, 342, 345. 
347, 349, 360, 361 
1137, machining . . . 164, 179. 207, 225, 246, 247, 


251, 263, 342, 345, 347. 





1139, machining . . . JA 
1140, machining . . . 179, 207, 225, "342, 7345, 347, 
349. 360, 361, 668 

176. 179, 207, 225, 342. 345. 
347, 349, 360, 361, 668, 882 
179, 207, 225, 282, 342, 345, 
347, 349, 360, 361, 668 

179, 207, 209, 225, 323-325, 
342, 345, 347. 349, 360, 361 
‚179, 207, 225, 342, 345, 347, 
349, 360, 361, 668, 673 

179, 207, 225, 342, 345, 347, 
349, 360, 361. 668. 


1141, machining . - 
1144, machining . . . 
1145, machining .. - 
1146, machining . - 
1151, machining . . - 


1211, 
machining. . .179, 207, 225, 342, 345, 347, 349 
1212, machining . . . 179, 207, 225, 342, 345, M 

349, 360, 361, 668 

1213, machining . .207, 225, 360, 361, 387, 668 
12L13, machining . . 179, 207, 342, 345, 347, 349 
121.14, machining 164, Im 207, 251, 263, 
345, 347, 349, 
668, 672, 673 







364, 31 





1215. broaching . . 
1215, turning machi Е 
121:15, machining 179, 207, 342, 3 
1330, machining 5 147. DA s 3 
323-325, 343. 346, 348, 3 
1335, machining: “Talia 307, 238, EE 
3-325, 343, 346, 348, 349, 360, 361, 669 
7144-147, 179, 203, 204, 
207, E 225, 274. 343, 346, 
7, 349, 360, 361, 669 
1345, machining. 44-0977 179, 203, 207, 225. 
274, 343, 346, 347, 349, 360. 361, 669 
207, 225, 274, 342, 345, 
347, 349 








1340, machining 








1513, machining. . 


1518, 
machining. . .207, 225, 274, 342, 345, 347, 349 


асма. ‚207, 225, 274, 342, 345, 347, 349 
1, 3 


machining. . .207, 225, 274. 342, 345, 347, 349 

1525, machining . . 144—147, 179, 207, 225. 274. 

323-325, 342, 345, 347, 349 

1526, machining . .144-147, 179. 207, 225, 274. 

323-325, 342, 345, 347, 349 

1527, machining . .144-147, 179, 207, 225, 274, 

i 323-325, 342, 345, 347, 349. 
536, 


i machining. . .207, 225, 274, 342, 345, 347, 349 


заспів „207, 225, 274, 342, 345, 347, 349 
1547, 

machining. . .207, 225, 274, 342, 345, 347, 349 
1548, 


machining. . .207, 225, 274, 342. 345, 347, 349 
1551, 

machining. . .207, 225, 274, 342, 345, 347, 349 

machining. . .207, 225, 274, 342, 345, 347, 349 
1855, honing with CBN... .479 
3115—4615, broachability constant . 
3135, thread rolling 


















3310; broaching 209 
2012; machining .... ... 144-147, 179, 207, 342. 

347, 349 
4023, machining ...... 144-147, 179,207, 2 


274, 342, 346, 347. 349, 360, 361, 669. 673 
4024, machining . . 144-147. 179, 207, 225, 274. 
342, 346, 347, 349, 360, 36. 

147, 







4032, machini 





ЕЗ 1144147, 207, 225, 374, 
323-325, 343, 346, 347. 

349, 360. 361, 363, 669 

4037, machining ...... 144-147, 207, 225, 274, 
323-325, 343, 346. 348, 349, 360. 361, 669 
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4042, machining 144-147, 179, 207, 225, 274, 
1346, 348, 349, 360, 361, 669 

4047. —À 7144-47, 179, 207, 225, 274, 
343, 346, 348, 349, 360, 361, 669 

4118, machining. 144-147, 179, 207, 225. 274, 
342, 346, 347, 349, БА 

4120, turning machinability rating . 
4130; machining . .144-148, 159, 186, 207, 3. 
220, 225, 230, 232, 233, 246, 247, 274, 
323-325, 329, 343, 346, 348, 349. 360, 361. 
427, 428, 584, 669, 708, 738, 863 

4135, machining .. 92, 93, 144-147, 207, 
35, 274, 323-325, 343, 346, 
348, 349, 360, 361, 669, 672 
144-147, 207, 225, 274, 
346, 348, 349, 360, 361, 669 
4140, machining .. 95. 144-148, 164, 176, 178, 
179, 203, 204; 207-209, 225, 236, 246, 

247, 251, 263, 269, 274, 282, 285, 315, 

342, 343, 345-349, 360, 361, 364, 

618, 640, 669, 674-676, 721 

2164, 225, 246, 247, 263. 
45, 347, 349, 364, 669 


















4137, machining 
25, 3: 






41L40, machining . . 
269, 





4140Se, machining ——À 342, 345, 347, 349 

4140* S, 
machining фу». 164, 246, 247, 251, 263, 364 
4142, machining. . 144-147, m 207, 274, 343, 
46, 348, 349, 669 


b 345, 347, 349 


346, 348, 349, 669 
342, 345, 347, 349 
.342, 345, 347, 349 
147, 179, 207, 209, 225, 
M3. НЕ 348, M 669 


4142Te, machining 
4145, machining . 









41145, machining . 
4145Se, machining . 
4147, machining 

















41147, machining 
4147Te, machining . 
4150, machining 





411.50, machining 
4161, machining . 


4320, machining. .144-148, 179. El 1225, 274, 

342, 346, 347, 349, 360, 361, 669 
4330, machining . ‚ 166, 247, 329, ea 361 
4330V , turninj 


4340, machining . 44-45, 90-91, AMT Q7. 
177. 179, 183. 184, 203, 207, 209, 225, 230, 
232, 233. 247, 274, 282, 314, 329, 343, 346, 
348, 349,360, 361, 423. 425, 584 538, 567, 

4, 598-601, 640, 669, 738 

4340, machining effects on 

properties . 4,25, 27, 29-31, 33-6 
4340Si, turning... 

431.40, machining . 

4350, machining . 

4360. bainite . ... 

4419, machining. . l 




















„ 207, 225, fa, 
342, 346, 347, 349, 669 

4422, machining . . 144—147, 179, 207, 225, 274, 
342, 346, 347, 349, 669 

‚ 144-147, 207, 225, 274, 
3 ‚ 343, 346, 347, 349, 669 
4615, machining. . 144—147, 179, 207, 225, 274, 
342, 346, 347, 349, 669 

4617, machining . . 144-147, 179, 207, 225, 274, 
342, 346, 347, 349, 669 

4620. machining. .144-147, 179, 207, 225, 274, 
342, 346, 347, 349, 669 

‚ machining . . 144-147, 179, 207, 225, 274, 
342, 346, 347, 349, 669 
. 144-147, 207, 225, 274, 
3 343, 346, 348, 349, 669 
4718, machining ...... 144-147, 179, 207, 274, 
342, 346, 347, 349, 669 

4720, machining . . 144-147, 179, 207, 274, 342, 
346, 347, 349, 669. 

4815, machining . . 144-147, 179, 207, 274, 342, 
346, 347, 360, 361, 669 

4817, machining . 144-147, 179, 207, 274, 342, 
346, 347, 349, 360, 361, 669. 

4820, machining . . 144-147, 156-157, 179, 207. 
274, 342, 346, 347, 349, 360, 361, b 

5010, turning machinability rating .. . ....- 669 





4427, machining . 
323- 





462. 





4626, machining . . . 
33 


936 / Index 


Steels, AISI-SAE, specific types (continued) 
5015, machining. . 144-147, D 2 


50B40, machining. ... . TE o. 07, 7274, 
281, 343, 346, 348, 349, 669 

50844, machining..... 144-147, 179, 207, 274. 
343, 346, 348, 349, 669 

5046, machining . . 144—147, 179, 207, 274, 343. 
346, 348, 349, 360, 361, 669 

50B46, machining..... 144-147, 179, 207, 274. 
343, 346, 348, 349, 669 





50B50, machining. .......- 207, 274, 343, 346, 
348, 349, 669. 

5060, 
machining. . .207, 274, 343, 346, 348, 349, 669 


machining. . .207, 274, 343, 346, 348, 349, e 
5110, turning 'machinability rating . 
5115, machining . 144-147, D 207, 274, X 

46, 347, 349, 669 

5120, machining . . 144-148, 19. /200, 207, 225, 
74, 342, 346, 347, 349, 674, 669 

5130, machining . . 144—147, 200, 207, 225, 274. 
323, 346, 348, 349, 669 

5132, machining. 144-147, 200, 207, 225, 274, 
323-325, 343, 346, 348, 349, 669 

‚342, 345, 347, 349 

07, 274, 








511.32, machining 
5135, machining . 







5140, machining . . 144-147, “179, (99, 200, 203, 

204, 207, Еи] 225, E 343, 346, 

348, 349, 361, 669 

5145, machining . . 144-147, “179, E» 207,225. 

274, 343, 346, 348, 349, 360, 361, 669 

. 144-147, 179, 200, 207, 225, 

346, 348, 349, 360, 361, 669. 

5150, machining . . 7, 225, 274, 

343, 346, 348, 349, 360, 361, 669. 

5155, mthi —— 200, 207, 225, 274, 

343, 346, 348, 349, 360, 361, 669 

‚200, 207, 225, 274, 343, 346, 

348, 349, 360, 361, 669 

.200, e 225, 274, 343, 

M6, 348, 349, 669. 

5210, spheroidal carbides Коса «809-66 

5210, turning pelis rating . 

6118, machining . . 144—147, 179, 200, 207. 5 
274, 342, 346, 347, 349, 360, 361, 669 

200, 207, 225, 274, 343, 346, 

348, 349, 358, 360, 361, 669 

144-147, 179, 207, 225, 274, 

285, 342, E Pe ae rd 

144-14 а 





5147, machining. 
274, 343, 


5160, machining . 
51B60, machining . . 





6150, machining .- 
8115, machining... 
81845, machining 







8615, sawing . . 
8615, trepannin 
8615, turning machinability rating . 
8617, machining. . 144—147, 179, 203, 2 25, 
274, 342, 346, 347, 349, 360, “361, 669 

8620, machining... .58, 144-148, 179, 200, 203, 
207, 208, 246, 247, 251, 263, 274, 282, 285. 
326, 347, 349, 360, 361, 364, 640, 669, 672 
861.20, machining . . . . .342, 346, 347, 349, 669 
8622, machining. . 144-148, 157, 179, 207, 225. 
274, A 346, 347, 349, 360, 361, 669 

8625, machi . 144-147, 207, 225, 274, 
323-325, 343, 46, 348, 349, 360, 361, 669 
i machining ...... 144-147, 207, 2: 74, 
323-325, 545, 346, 348, 349, 360, 361, 669 

8630, machining . 144-147, 207, 225, “714, 
323-325, Мз, ‚346, 348, 349, 360, 361, 669 
8637, machining . . . 144-147, 207, 225, 274, 
323-325, 343, 346, 348, 349, 360, 361, 669 
8640, machining . "144-147, 179, 207, 225, 274, 
343, 346, 348, 349, 360, 361, 669 

86L40, machining .......-- 342, 345, 347, 349 
8642, ichining. .144-147, 179, 207, 225, 274, 
3, 346, 348, 349, 360, 361, 669 
.144-147, 179, 207, 225, 274, 
, 346, 348, 349, 360, 361, 669 
86B45, mE 144-147, 179, 207, 225, 
2 48, 349, 669 

74. 343, 346, 
348, 349, 669 


























8645, machining: 





8650, machining .. ....- 


content in tool steels affecting 
ртїпдаһййу................- 727, 728, 732 
effect on Cu alloy machinability ..... 805-808 
and free-cutting grades of carbon or low- alloy 
steels 149 
free-machining steel additive 
in commercial CPM tool steel 
compositions 
in free-machining metals 
in high-speed tool steels . 
in most widely used EP 
additives . 
in thread grinding oils 
machinability additives . 
and stress corrosion . 
Sulfuric acid 









8720, band sawing . 
8720, turning machinability .669 
8740, machining . АА 179, 207, 205; 274, 
346, 348, 349, 360, 361, 669 

1144-147, 179, 207, 225, 274, 
343, 346, 348, 349 

144-147, 179, 207, 9 
346, 347, 349, 669 


9254, 
meh .207, 274, 342, 346, 348, 349, 669 
machining. . .207, 274, 343, 346, 348, 349, 669 





8742, machining . 






8822, machining . 















9260, machining 507, 274, 343, 346, 349, 669. chemical milling etchant .873 
9310, таспар. ‚ 144-147, 175, 179, electrolyte for ECM 536 
3, 204, 207, 209, 274, 342, 346, electrolyte for Ni all ‚843 

347, 349, 360, 361, 669 photochemical machining etc! .591, 593 


94В15, machining..... 144-147, 179, 207, 274, used in chemical treatment before 
342, 346, 347, 349, 669 


94B17, machining. .... 144-146, 179, 207. 274, 





processes. 
abrasive-jet dressing method 
abrasive stick dressing method . 


94B30, machining . . ......- 144-147, 207, 274, 
669 


453-471 
323-325, 343, 346, 348, 349, «469 







95B17, turning. 








9620, gear shaping applications 

9840, broaching. - automation by multiaxis CNC machines, as а 
98BV40, turning - variable . -460 
ОО. тас 179, 207, 274, 360, 361 balancing, as operational factor - 1465 
51100, machining ..... 179, 207, 274, 360. 36 batch production dressing methods 469 





batch production truing methods, 
conditioning . 
conditioning, 
coolants . 
diamond and CBN compared . 
dressing, as operational factor 
dressing methods i 
form truing methods for production 
grinding 
high-pressure hes dressing method 
powered truing methods for production 


52100, machining . . . . .177, 179, 203, 207. 209, 
225, 274, 360, 361, 422, 424-427. 

462, 464-466, 498, 541, 608 
34 s. 347, 349 

.643 





operational factor 
463, 464, 465, ©. PT 











521.100, machining 
B1112, machinability . 
BI112; spade drilling - 
B1113, broaching 
B4113, spade drilling . 
Steel rolls, ceramic cutting tool 
Steel shot peening . . à 
Steels, silicon, photochemical machining 




























etchant 20.590 grinding ..467 
Steels, spring, photochemical machining slurry dress d. 
(UC арене C stationary tool truing method for production 
Steels, ultrahigh strength rinding . . 466-46: 
"бас, machining . 27, 3h 34, 144-147, 567 truing, as оре! 
300M, machining 1144-147, 320 truing parameters . 





Stellite wheel application an 





















broaching . .203 variables 
electrical di 560 wheel applications . 
electrochemical grin 45, 546 wheel bond зета s 
honing -476 wheels 

Stellite З; broaching - 209 wheel selection 


STEM. See Shaped tube electrol) 
Stock removal 
and gear manufacture 
gear-tooth honing . 


wheel truing objectives . 
Surface finish ......... ! 

abrasive flow machining . ‚517, 518, 519 

abrasives and grinding 431, 433, 434, 441, 446 





honing and adaptive control 8, 621, 623, 624 
lapping . AI alloys .... 761, 764-765, ле. 773-780, 
microhoni 784—785 T 
and gear shaving Be alloys. 

Stone. boring .. . 162-1 164, 10 





carbides for machini 


broaching . 
ground by diamond whee 


and burnishing 








PCD tooling . .... 110 — by CBN grinding 
Straddle milling. Sec. J wheels ....... .... 46-463, 464, 467, 469 
Straight-flute chucking reamers . CADICAM апаїузїз...................- 















Stress corrosion ......- 
from cutting fluid traces . 
improved by shot peening 
retarding cracking 


carbon and alloy steels . . ..670, 672, 673, p: 
cast irons . 657, 661, 662, 663, 664, 665 
chemical m ‚1.579, 581-586 
classifications . КРИТЕ 
Cu alloys . 
designations 
dimensional tolera 
and drilling . . 
..125 electrical discharge grinding . 
"340 electrical discharge machining . 
electrochemical discharge grinding. 
electrochemical grinding . . 
electrochemical machining . 
flaws 
and gear manufacture . 
and gear shaving . ... 


Stress-relief heat treatment, mechanical 






. 153, 156, 7 





n improving machinability . . 
п to Ni alloys for frce-machining. . 





addi 
additive to aid milling of carbon and alloy s 
676 


steels 
content in carbon and alloy 

steels ........- 
content in P/M materials . 
content in stainless steels. - 









669, 670, 671, 672 
.884, 885, 887, 888 
.682-683, 684, 685 





in cast Co alloys 
in cemented carbi 
in cemented carbides . 


gear-tooth honing 



















and grinding of gears . 
and grit size in honing 


heat-resistant alloys 
high removal rate machining 
and high-speed machining . 

and hobbing of gears . 


.844, 856 
40, 744, 745, 755, 756. 
.608, 609 photochemical machining . 
thermal fatigue resistance 
thermal shock resistance . 
W-Ti-Ta(Nb) carbides 


Tantalum alloys, specific 
ASTAR 8I IC, machining - 
T-111, machining 
T-222, machininy 
Ta-I0W, machining 

B- 











.473, 476, 481, 482, 484 
improved by distribution of cutting forces 299 
492, 496, ч 504 












anii machinability 





627 
820, 821, Е 823, 824, 












ining 
Tantalum carbides. Bse Tantalum and tantalum 


Tantung 1 144 (Co) alloy . 
Tantung G (Co) alloy . 


and NC programming . 





plateau finish from honing 





















verages 
шз maximum peak-io-valley . 









cold form tapping 
collapsible taps . 
compared to thread rolling 





and ERE grinding 








cutting fluids used 










thread grinding 
resistant alloys 
in conjunction with boring . . 
in conjunction with 








g 
in conjunction with turning. 
in machining centers . 
inserted-chaser (ар. 


Arne machining . 7.529 
a4, IS, 876-87) 









Sic rdi. See Grinding. 
Surface- ‘hardened steels and irons, CBN for © 


D 


.896, 
412, 414, 415, 416 


366, 368, 370, 375, 380, 386 
jon machining and vertical 
multiple-spindle automat 









Surface integrity. 
abrasive proces: 
chip removal operati 









effects in material removal p 


and electrical, chemical 
removal processes. 
and electrical, chemical, “and thermal 
material processes 
inspection practices to meet 





P/M high-speed tool steels applied 








refractory metals 





measuring effects 
microstructural alte: 
postprocessing guidelines .. .. 
principal causes of surface alterations 
typical problems 


К кее attachments 










single- spindie tapping machines- 
256-258, 259, ы 








ipe threads (МРТ) 
surface alterations produced 
surface treatment of taps . 
tap classification system . 
taper pipe thread tapping. 6: 
259, 260, 261, 262, 264, 266, w 












Sata milling . 
high-speed machining tool 
high-speed tool steels used . 





Synthetic stone, Pí 


tapping of. blind holes as a factor 
of tz 


TI, T2, T3, ete. See Tool steels, specific types. 
Tantalum and tantalum alloys 
addition to complex metal 





content in tools mach ing uranium . -875-876 
electrochemical machining . 


з аррі 
uranium alloys . . 
vertical tapping machines 





Index / 937 


workpiece size and shape factors . 
zirconium . 
Zn alloys 
Taylor's tool life eqi 
TD nickel 
composition .. . 
machining ... .7. 
Tellurium 
additive for enhanced machinabilly of carbon 
and alloy steels 673, 674, 675, ce 
content additions to P/M materials 
Cu-Ni-Te alloys, microdrilling . . 
effect on Cu alloy machinability 
in free-machining metals . 
machinability additive 
Tellurium-copper alloy, as electrode for 















1685, 687 











EDM ‚559 
Thermal energy method (TEM) 

of deburring . 509, 577-578 
Thread chasers 290-: 










circular . 
dovetail . А ‚726 
for Cu alloys 1812815 
for Zn alloys 834 


nitrided high speed steel used 
operating detail 
radial . 
stainless steels . 
standard high-speed steel used 
tangential 
tapping. 
thread gri 
tool life. 
WC used 
Thread cutting 
application .. 
Thread grinding . 
applications . 
centerless grinding of threads . 
compared to thread rolling . 
crush dressing of wheels . 1273, 275, 276, 277 
cylindrical grinding of threads ...273-276, 277 
diamond dressing of 




















































wheels... 272-273, 275, 276, 277 
inding fluids . 273 
g speed н 273 

Fane volume application. 277-279 
multirib wheel grinding 275-276 
production practice ibe 


thread cutting taps 
thread gaging . 
thread grinding machine categories . 
tolerances ..... 
truing grinding wheels . 
wheel selection 
Threading 
Al alloys 
cemented 
cermet tools applied . 
coated carbides used 
Cu alloys 
cutting fluids used . 
in conjunction with turning 
in conjunction with ultrasonic тас! ining. 1980 
in machining centers . 
MMCs.......... 
multifunction machining . 
Ni alloys . . 
PCBN cutting tools used . 
single-point . 
stainless steels 
Ti alloys 
tool life 
and turning . 
uranium alloys 
Thread milling . . 
compared to thread grinding . 
compared to thread rolling . 
heat-resistant alloys 
machines, production thread mills. 
multiple form thread milling cutter 
NC machines 
planetary thr 
refractory metals 
single-form thread 








.268, 269 
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Thread milling (continued) 
thread mills 
cutters, thread grinding 
application 
Thread rolling . . 
capacities and limitations 
compared to tapping . 
continuous rollin 

































die life . . 280-282, 284, 285, 287-291, 3, 294 
end-feed rolling . 286-287, E 292 
factors affecting die life .289-291 
flaking ..281 
flat traversing die 

rolling ‚ 289, 290, [^s cH 
fluids . 


280289 
ration rate ...292 
.896 


internal 
load requirements and 
MMCs.........+ 
planetary thread г 
preparation and feeding 

blanks... 
radial-infeed rolling (cylindric: 

die) ,...... 283-286, 288. 590-292, 294, ee 
selection of rolling method . 
stainless steels 
surface speed 
tangential UR. 
thin-wall parts threading . 
thread form effect on processing 
through-feed 

rolling... 286-287, 289, 290, 292, 293, m 






....292 
1385-2846, 292 
293 













vs alternative processi 

warm rolling + 292-293 
sp one erent materials threading .....- 293 

in 

effect on cast iron machinability . . . . .652, 654 

effect on Cu alloy machinability 808 


electrochemical grinding . 
hone forming . . 
photochemical machining etchant . 
Titanium and titanium alloys. See "ix Reactive 



















meta anium allo; 

typ. : 
alloyed 
abrasive waterjet machining 
broaching. . 


chemical milling . 
content in stainless steel 
contour band sawing 
cutoff band sawing 
cutting fluids used. 
drilling . . 
drilling/countersinking . 
edge retention .... 
electrochemical grindi 
electrochemical machining . - 
Eu beam machining . 











prinding, 
igh-speed machining . .597. ‘598, 600, < 602-605 
high-speed tool steels used . 58, 59 
honing 
laser beam machining 
low-stress grinding procedures .. . 
machinability 
melting point . 
К. 























photochemics 
shear stresses and HPs 
slab milling . 
spade drilling 
surface integrity 
thread grinding 
thread rolling . 
tool Ше. 

Titanium alloys, specific types 
99%, contour band sawing 
99%, electrochemical machining . 
commercially pure, 





machining .............- 847, 849-852, 854 
Ti-3AI-8V-t cr. 4Mo-4Zr, 
machining .847, 849-852 





Ti-4Al-4Mn, band sawing . - 
Ti-SAI-2Sn, turning 





.361, 363 
oe 845 










Ti-SAL-2.5Sn, machining 
Ti-SAI-2.5Sn-ELI, machining 
Ti-SAI-SSn, turning... 
Ti-SAL4V, chemical machining 
Ti-6AI-2Nb-1Ta-0.80Mo, 
machining. 
туба Зп AZt Mo, machining 
$26, 586, 602-603, 846, 847, 850-853 
Ti-6Al-2Sn-4Zr-2Mo-0.25Si, 

















machining . . . . . . 323, 324, 326, 847, 849-852 
т SA I rd 6Mo, 
ing...... 323, 324, 326, 847, 849-852 
туба 651: 4Zr-2Mo, peripheral ‘end 
milling .. 846, 849 
Ti-6Al-4V, “chip formation (hi h-speed 
machining) . . 598, 600 
Ti-6AI-4V, fatigue strength (machining 
ейес!$)....................;.. 26, 31, 35 
Ті-6А1-4У, machining . . .65, 67, 209, 323, 324. 
E 361, 363, 540, 580, 598, 
600, 603, 608, 844—853, 858 
Ti-6Al-4V, surface alterations . 2,27 
Ti-GALAV-ELI, 













machining ....... 323, 324, 326, 847, 849-852 
Ti-6AI-6V-2Sn, electrochemical 

machining . - 
Ti-8AI-IMo-IV, electrical 

grinding . 


Ted г, cutoff bai 


T 8Mn, chemical milling . 
Ti-8Mo-8V-2Fe-3Al, machining 
Ti-LL.5Mo-6Zr-4.SSn, machining . 87. RAS 











Ti-10V-2Fe-3Al, machining . 7, 849-852 

Ti-13V-11Cr-3Al, machining M, 849-852 
Titanium carbide 

carbide coatings . 80, 81-82, 83, 87-88 

cemented carbide: 74, 78-80 
















coating for ceramic tool ло 
coating for high-speed tooi sieels - 51, 57 
‘ound by diamond wheels... 62 
ning stone selection . 1476 
and hard-phase Ni alloy: 835 


in ceramics 
in cermets 
inclusions affecting tool wear in stainless 

E 








































coating for ca 
uranium alloys 
coating for drills . 
coating for milling cutters. 
coating for high-speed tool steels. 
coating for saw bands . 
coating for taps . 
drilling inserts 
and tapping . 
and tertiary wear mechanisms 
Tool bits, high-speed tool steels . 
Tool condition monitoring systems . 
bearing transducers 
design consideration . 
feed force transducers . 
force transducers . . 
future developments . 
load-sensitive transducers 
measuring plate transducers 
microprocessing 
NC machines 
signal amplifi 
tapping transducers 
tension-measuring її 
torque transducers 
variable monitored 
Toolroom lathes . . . 
Tools. See specific types: reamei 
Tool steels. See also Tool steels, 
Tool steels, specific types. .......- 



























abrasive flow machining 
abrasive waterjet machining 


g 
centerless grinding . 
cermet tools applied 
circular sawing. 
Classification for grindability 
CNC grinding А 
Co content .. 
composition effect on cost . 
composition effect on srindability . 
composition limits . 
contour band sawing . 
cutoff band sawing . 
cutting fluids . 
cylindrical grinding 
drilling .. . . . . 229-231. 237, nen " 715-716, 
8, 721, 727 














electrical discharge 
machining ..... 527, 539, 557. 558, 560, 708 
«столе! discharge 



















grinding . 
electrochemical machining à 
end milling 
face milling . 


flute grinding 
gear machini 
grinding 
grinding 
grinding fluids ... 
grinding 

ratios ..... 724, 726-727, 728, 730, n a 
grinding wheel selection . 730 
grooving with cermets . 
ground by CBN wheels. 
hardness effect on grindability 
hardness effect on surface finish 
internal grinding А 
lapping /492, 494, 2 
low-stress grinding шу (LSO) ..... 
microstructure "708, 711, iis 
milling. . 547, 715-716, 

TS. 721, 723, Ta 

milling with PCBN tools . 
Mn content . 
PCBN tooling ‘used 
peripheral milling . 
phosphorus content . 
photochemical machining 
power band sawing.. 
power Шема. 
reaming 






























ty 
surface finish enisi Eo. 721, » 
surface grinding . 
tapping. 

thread grinding 
threading with cermets . 
tool life . 
turning . 





5 30: 708-710, a 
713, 714, 715, 718, iar] 


turning with cermets . 
Tool steels, high-speed. See also Too! 









steels. 251-59, 60-68, 717-720 
application: 51-59, 639 
band sawing, Ti alloys . 
boring 63,76 


boring, Al alloys T T", Bd 
boring. heat- ыа dli. 
boring, refractory metals . 
broaching 202, 203, 206, 207, 208 
broaching. Al alloys . 774, 779 
broaching, heat-resistant alloys 743 
broaching. stainless steels . 2700, 701, 704 
broaching, tool steels 717 
carbon content 
circular sawing 
circular sawing, 
circular sawing. refractory 
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D group, grindability .........---°728 
D group, 
machining 710, 713-716. 721, 722, 729, 731 
D2. composition оед 709 
D2. for thread rolling dies ..........290, 291 
D2, machining ......- ‚ 360, 362. 563, 
712-725, 728 
9 D2, surface alterations produced... „21 


reaming, refractory metal: 
reaming, stainless steels . 
reaming, Ti alloys . 
reaming, tool steels. 
rough and finish cutting, bevel gears 
sawing. . ...357, 358, 

sawing. stainle: 
selection factors 


coating to increase tool life . 
Co content ....- EN 
compared to cast Co alloy tools . 
compared to P/M processed 
material: EET 
compositioi 
contour sawing, 
counterboring, cast iron. . 






























steels . 





























counterboring. refractory metals . shaping, Al alloys . 103 composition «sssaaa ТО 
пов... 2\7, 219, 230, 233 slotting, Al alloys - 03. machining. . .115, 116, 360, 362, 479, 712. 
drilling, Al alloys 769. 775. 776, 781, 783, softening point - 717-720. 723, 724, 726, 728 
drilling, cast iron... ways spade drilling, Al alloys - 777 04. composition . 709 






1. 317-720, 723-725, 728 

pie: 
1-725, 728 
02.709 


spotfacing. cast iron . . 
spotfacing, refractory metals . 
sulfur content. . 

surface treatment 


drilling, heat-resistant alloys - 
drilling, P/M materials . . . 
drilling, refractory metals 
drilling, Ti alloys 


660 04: machining 

DS, composition 
DS; machining 
6 7 D7, composition .....« cir 
56,258,259 07; machining . .. 360, 362, 479. 


NE ND 













































drilling, tool steels tapping. - А 4, 717-720, 
effect of alloying elements . tapping, А! а 782; 783, 791 723-725, 727, 728, 731 
end milling, Al alloys tapping, cast irons 75.166] — F group, grindability . .. 728, 729, 732 
end milling, cast irons»... 663 tapping, refractory metals E group, machining. ...710, 713-716, 721, 722 
end milling, heat-resistant alloy "754 tapping, Ti alloys Fi, machining 101-74. 723-725 
end mine: опа. refractory metals ....866 tapping, tool steel E2, machining.........238, 717-721, 723-725 
end milling, tool steels . - 722 thread chasers . F3. for drills do 238 









ЕЗ. machinability 
Н group, grindabilily . 
Н group, machinability 
H I0, composition . . . Н 
H10. machining . ..274, 710, 712-725, 731, 797 
НІП; composition . . - 709 


face milling, Al alloys . . - 
face milling, cast iron. . 
face milling, refractory metal 
face milling, Ti alloys 
flank wear scars 
for Al alloys . 


788-789, 794 thread grinding 

662 threading chasers, s 
859 heads . . 
850 thread milling 
244 thread milling, refract 
2767 tool grinding - 













































for cast iron ` 650, 651, 652, 653, 654-655, 656 tool life - м HIL, for thread rolling tools . . .293 
for Cu alloys . .. . 809, 810, 811, 812, 813, 814, toughness properties . H11, machining 274, 321, 710, 712-725 
816, 817, 818 trepanning, refractory metals H12, compositio ..709 
for dressing EDG wheels ‘ 65 turning . 144, 147, H12, machining . . . 362. 710, 712-725 
for hafnium . ines turning, Al alloys . 13. ition 2009 
for honeycom! ctures turning, carbon and , machining . 
for Mg alloy: E turning. heat-resistant al 
for Ni alloys . turning. Ni alloys .. . + H14, composition à 
turning, refractory metals ... H14, machining . 274, 710, 712-725 












for planing tools . 








L| for P/M materials turning, stainless steels ~ H16, machining .. 710; 712-716, 721, 722 
1 for stainless steels . turning, Ti alloys .... HI9, composition . М ‚..709 
{ for titanium. . turning, tool steels H19, machining . 274, 712-725 


turning, with PCBN tools ....-.-- M2 H20. machining . 
wear resistance H21, composition . 
property . ...-«.«««« +53, 54, 57, 58, 59, 108 H21, machining . 
Tool steels, specific types H22, composi 
А group, grinding of . 21729, 731 H22. machining . 
А group, machining H23. composition 
A, composition ........- ; machining 
A2. for thread rolling tools . . composition 
; machining 



















for uranium alloys . 
for zirconium 
for Zn alloys... 
and gear cutting. 
grinding . 

grinding ratios... 
hacksawing, Ti alloys. - 
hardness property 
heat treatment 





12-716, 721, 722 

...709 
-725 
709 
































hobbing . 27A, 360, 362, 708, 711- 5. compositio 

hollow milling se machining 

honing... 274, 13-735. ; composition 

hot hardness property - паноа, machining ... „717-220, 

machinability ratings 723-125, 731 

milling .......311-3 machining -.... ..710, 713-716, 721, 722 
' composition з 709 


milling, Al alloys . . 
milling, cast iron . è 
milling, refractory metals . 
milling, stainless steels . . - 
milling. Ti аПоуз...... и 
milling, tool steels . ^. 718-719, 7. 
multifunction machining . . . 380, 381 
multipoint cutting tools 


310; 721-725 


H42, machining . ..- 
“940, 712-716, 721, 722 
728, 732 


H43, machining 
L group, grindability . 
L group, machinability . .. .. - 
L group, machinability rating - 
1.2, composition ... М 
L2. machining . - 




























А10, composition . 

















peripheral end milling. A10. machining L6, composition ...... i 
peripheral end milling, Ti alloys CPM 10У, machinability L6; machining. ........274, 717-721, 
peripheral milling, tool steels . CPM M3 1 L6; tool steel selection. К 
planing és СРМ M4. > 161 L7, machining 

planing. Al alloys CPM M42 : 5 


M group. grindability 























planing, cast irons . СРМ M42, temper resistance MI. composition 

planing, heat-resistant alloys . CPM TIS МІ, for die threading dies... 

Dowder metallurgy (P/M) .......--53, 60-68 СРМ Rex 20 * MI for drills. . .58, 218, 219, 658, 718, 747-749, 
power band sawing, Al alloys "7795, 801 СРМ Rex 20, temper resi 65 776, 781, 850, 863 
Power band sawing, heat-resistant alloys..755 СРМ Rex M35HCHS . 163 МІ. for end mills... мае 58 
power band sawing, too! steels . СРМ Rex M42. 63 МІ; for milling cutters . н 314 
power band sawing. Zr .....-- CPM Rex 45. МІ, for reamers . . 58, 246. 659, 719, 750, 751, 
power hacksawing, Al alloys . - - CPM Rex 45 HS - 781, 785, 852, 862 
power hacksawing, heat-resistant CPM Rex 76... MI, for tap 259, 260, 261, 263, 661, 696, 

20, 75. 


СРМ Rex 76 HS. 
CPM Rex M2HCHS 
CPM Rex M3HCHS 


power hacksawing, MMC: 


: “787, 813, 825, 851, 862, 867 
power hacksawing, tool steels . чөлдү. 728,7. 


£63 МІ, grindability .. 8, 732 
163 МІ. grinding ratios . 732 


















power hacksawing, Zr .....-- 

reaming . s CPM Rex M4.. 63 MI, hot hardness . 
reaming, Al alloys . - CPM Rex M4 HS МІ; machining . . 
reaming, cast iron. СРМ Rex TIS - МІ; tool bit applications 


is CPM Rex T15 HS ML, tool steel selection . 





reaming, heat-resistant alloys 
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Tool steels, specific types (continued) у 
M2, composition . 
M2, CPM composi 
M2, cutting edge wear 
M2, for boring 

SETS 164, 716, 742, 771, 813, 859 
м?т Ъгоасһез. .59, 201, 203, 207-209, 700, 
743, 746, 774, 779, 823 

M2, for circular sawing . qe 794, 817, 868 
M3, for counterbores . .....251. 660, 752, 860 














M2, for cutoff tools, for ping test... 

218, 224, 232, at 

58, 325, 326, 663, 664, 
722, 7 


M2, for drills . 
M2, for end mill: 











М2, for face mills .... 
M2, for gear cutting tools 
M2, for hobs 
M2, for milling cutters 











M2, for mullipoint cutting tools 
M2, for peripheral end mills . 


846, 
М2, for planing tools ...... 183, 657, pis 773 
М2, for reamers.. . .58, 240, 242-243, 246, 659, 
719, 751, 781, 785, 839, 852, 862 
358, 359, 360 
190, 347, 348 
.324 





М2, for sawing . 
M2, for shaping 
M2, for slab mills .. 
M2, for spotfacing to 
M2, for taps 

M2, for thread milling 
M2, for trepanning tools 
M2, for farming eo tools . 

































2, ашу 
oning with cubic boron nitride . 

M2, hot hardness 
M2, machining . . 
M2, microstructure . .. 
M2, tool bit applications 
M2, tool steel selection . 
M3, composition . 
3, CPM composition 
МЗ, for boring tools 
M3, for broaches . . 
M3, for counterbores . . 
M3, for drills. . 
M3, for end mills . 





M3, for gear cutters 
M3, for hobs ...... 
M3, for milling cutters 
M3, for multipoint cut 
M3. for peripheral end mills 


M3, for planing tools . 
M3, for reamers. . 

M3, for shaping tools 
M3, for spotfacing tools 


M3, for taps . 259, 261, 263 





M3, for thread chasers . 299, 720 
M3, for trepanning tools ‚179 
M3, for turning tools . . . 144, 147, 653, 
740-741, 811 
M3, grindability . . E) 

















M3, microstructure . 
M3, tool steel selection . 
M3 class 1, composition 
M3 class 1, machinit 
M3 class 2, composition 
M3 class 2, for multipoint cutting tools 
MB class 2, grindability . 
M3 class 2, machining 
M3 class 2, wear resistance . 
M4, composition . 
M4, СРМ comp: 
M4, for broaches . 
М4, for drills 
M4, for multi 
MA, for reamers .. 
МА; for taps. 
MA, for thread 
M4, grindability 
M4; honing with сш 
M4, hot hardness 





М4, machining ............ 360, 362, 713-725 
M4, sulfur content effect on machinabilit 
МА, tool steel selection . 
M4, wear resistance 
Мб, compos 
M6, for drills 
M6, for planing 
М6; for shaping tools . 
Мб, machini 
M7, composition - 
М7, for broaches . 
M7, for circular 
sawing 725, 756, 794, к 868 
M7, for EET force testing . „678—679 
М7, for drills ......... 58, 658, 677, 7 726. 
747, 749, 776, 781, 850, 851 
М7, for end mills . . .58, 325, 326, 663, 664, 722, 



















‚ 700, 743; 774 


















754, 790, 866 
M7, for face mills .. 323, 662, 788-789 
M7, for gear cutting Meet 
M7, for hobs .... 
M7, for milling cutters 
M7, for peripheral end 


s 2721, 786-787, 849, 866 
М7, for reamers . . 58. 240, 246, 659, 702, 719. 
750, 751, 781, 785, Pa m 


mills. 








М7, for shaping tools . 
M7, for slab milling cutters . 
М7, for taps.. ... 259, 261, 263, 661, 696, 720. 

782, 787, 813, 825, 851, Pen 867 
М7, for thread milling cutter: 867 
М7, grindability 
М7, hot hardnes: 
M7, machining 















Н 
M10, for drills . . . 58, 


M10, for end mills .... 
M10, for milling cutters 
MIO, for planing tools 
MIO, for reame: 
MIO, for taps 

720, 782, 787, 813, 825, 851, 862, 867 
MIO, for turning 


















tools . 2145, 653, 718, 726, 741, 811 
M10, grindability - „728 
M10, machining. HENS 
MIO, tool steel selection 712 
MIS; composition 2, 54 
MIS. for taps 259 


MIS, grindabii - 
MIS, hardnes 
MIS, machining - 





718, 722 
MIS, wear resistance 4 


M30, for gear. cutters . 
M30, for planing tools 
M30, for shaping tools 
M30, for turning tools 
M30, hardness . 
M30, machi 
M33, composition 
M33, for broaches . 
M33, for broaches, for heat-resistant ays i5 
M33, for counterbores . . 232. 

M33, for drills . .58, 218, 233, 718, 747, 749, $00 
M33, for end mills . 58, 325, 326, 722, 754 

















M33, for face mills . 3, 863 
M33, for peripheral end mills 721, 866 
M33, for slab milling cutters 324 










M33, for spotfacing tools . 
M33, for taps .. 
M33, for trepanning tools . 
M33, for turning tools 
M33, hot hardness . 
M33, machining 
M34; composition 
M34; for drills, for heat-resistant 

alloys... -747-748 
M34, for shaping tools 






M35, CPM composition . 
M35, and gear manufacturing .. 66,6 
M35; machining .......713-717, 721, 722, TA 
M36, composition ...............5 52, 53, 709 
M36, for machining heat- 

alloys s.es- + + 740, 741, 748 


























M36, for shaping tools 190, 233 
M36, hot hardness . * Vr | 
M36, machining 710, 713-725 
M4l, composi 51, 52, 709 
MAI, for boring tox 64. 


MAI, for broaches . 
M41, for counterbore 
M41, for drills. . 


M41, for slab milling cutters 
M41, for spotfacing tools . 
MAI, for trepanning tools . 
MAI, for turning tools 
M41, grindability . 
M41, machining m 
M42. composition . . 51, 52, 653, 659, 709, ‚ 233 
M42, CPM composition 63, 64 
M42, for boring tools 164, 716, 742 
M42, for broaches . 1:307, 717, 700, 743 
M22, for counterbores . ..251, 752, 860 
M42, for drills . .658, 718, 749, 850, 860 
M42, for end mills 22...58, 325, 326, 722, 754 
M42, for face mills . 323, 753, 863 
345, 346 
‚59 





1144, 715, “Tal, БА 




















M42, for hobs . 
M42, for multipoint cutting tools 
M42, for peripheral end mills . . 848, 
M42, for reamers 702-703, 750, 751. 852 
M42, for sawing . 358, 359, 360, 362 
M42, for shaping "347 
M42, for slab milling c 
M42, for spotfacing tools 
M42, for taps. 
M42, for thead , 
M42, for tools for single-po 
test 
M42, for trepanning tools . 
M42, for turning tools 144, 
M42. grindability 
M42. machining . 
M42, tool steel selection . 
M43, composition . . . 
M43, for boring tools 
M43, for broaches . 
M43. for broaches, for helia isi" 
alloys . 
M43, lor counterbores . 
M43, for drills . 
M43, for end mi 
M43, for face mill: 
МЗ. for slab milling cutters 
for spotfacing tools . 
or trepanning tools 
or turning tools 
; grindability 
M43, machining . 
M44, composition . 
M44, for boring tools 
M44, for broaches . 
M44, for counterbor: 
M44, for drills.. 
M44, for end mills. 
M44, for face mills . 
M44, for planing tools . 
M44, for slab milling cutters 
M44, for spotfacing tools . 
M44, for trepanning tools 
M44, for turning tools 144, 71 
M44, grindability 
M44, machining . 
M44, tool steel selection . 
M45, for broaches . 
M45, for counterbores . 
M45, for drills. . . 
MAS, for end mills . 
MAS, for face mills . 
M45, for slab milling cutters 
MAS, for spotfacing tools . 
M45, for trepanning tools . 




































7, 743 















726; 128, 732 
713-721, 723- ea 













.323, ы 


s p 
1179, 860 








52, for circular sawing 


M45, for turning tools 
52; for band sawing . 


M46, composition 
M46, for Бгоасћ‹ 
M46, for counterbores . . 









360, 
1658, 718, 746, 749, 776 
S2, for end mills. .325, 326, 663, 664, 790, 866 
32: 





S2, for face mills . 
S2. for gear shaving . 











M46, for face mills... 
Мав. for slab milling cutters 
M46, for spotfacing tools . 
M46, for trepanning tools 
M46, for turning tools 
M46, machining . . 
M47, composition 
M47, for broaches .. 
M47, for counterbores . . 





52; for peripheral end mills... 786-787, 866 
S2, for reamers . ..659, 719, 750, 751, 781, 862 
52; for shaping tools 
SP for stab milling cutters 


















7324 
661, 720, 782, 862 
274 





S2. for thread grinding tools . 
; for thread milling cutters 
2, for trepanning tools . 


658, 718, 747, 749. 776, 777 
659, 719, 750, 751. 781, 862 
661; 720, 782, 862 








M47, for end mil 
M47, for face mills. 
M47, for slab milling cutters. . 
M47, for spotfacing 10015... 
M47, for trepanning tools . 
M47, for turning tools 
M47, machining .... 
M48, composition м 
M48, CPM composition .. 
M50, composition 








S4, for boring tools 








S4, for circular sawing A 756, 794, 868 


for counterbores 








325, 326, 663. 790, 866 
.323, 662, 788-789 














717-720, 723-725 
sie 52, 73 





1 Гог gear shaving...» 






























M32, composition 1 for peripheral end mills. 
il ‚ for planing 10015. 
54; for shaping tools 
S4. for slab milling cutters 
S4, for spotfacing tools 
S4. for thread milling c 
S4. for trepanning tools . 
S4, for turning tools... I 
55, composition . 
55, for boring tools . 
55, for contour band sawing 
S5, for counterbores . 
S5, for cutoff band sa 
ar for end mills Sm 








91: for hand re reamers . 


OL. tool steel selection . 


O2. grindability . . . 
04, tool steel sele 
Об. composition . 








ОС 





07, composition . 





S5, 

55, for peripheral end mills. 
S5; for planing tools . 5 
S5, for shaping tools 
S5, for spotfacing tools 
S5, for trepanning tools . pos 
144, 147, 653, 741, 
718-720, 723, 724, 


48 AA Ya 709 
‚274, 714. 717, 718, 
P group, grindability.... 2 


P group, machinability 
РЇ, grindability . 








S5. for turning tools... 


- 728, 
2710, 713-716, 721; m 


P2, composition 


S6, composition . 
P2, grindability . ini 





















S7. composition. . 
P2, tool steel selection 
P3, composition 
P3, grindability . 





59, for broaches . 
S9; for counterbores 


S9, for end mills 
59, for face mills 
S9, for slab milling cutters 
S9, for spotfacing tools 
S9, for trepanning tools 
S9, for turning tools . 





РЗ, tool steel selection. 
P4, composition 
P4, grindability . 








P4, tool steel selection. . 
PS, composition. ..... 
P5; grindability . 





510, for counterbores . 
P6. composition . 
P6, grindability . S10, for end mills 
i 510, for face mills . . 

S10, for slab milling cutters 
510, for spotfacing tools . 
S10; for trepanning tools - 
S10, for turning tools 
S10, machining .. 
SII, for broaches 
511; for counterbores 


РІ, grindability 
P20, composition . 
P20, grindability .. 

















P20, tool steel selection . 
P21; composition. . 
P21, grindability 
P21, machining . 
P30, grindability 
P40, grindability 


p. 
machining 710, 713-716. 
81, composition . 





11274. 710, 713- Bs 
S11. for end mills 
S11, for face mills . 





721. 722, 728, 731 
-H 

« 717-720, 723, 1d 

1207, 717, 743, ЕЯ 


SII, for trepanning tool: 
SIL for turning tools 
S11; machining .... 
512. for counterbores 





S2, composition .. Я 
S2, for broaches 
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S12, for drills ... 
S12, for end mills . 
S12, for face mills 
S12, for slab milling cutters . 
S12. for spotfacing tool 
S12, for trepanning tools. 
S12. for turning tools 
S12, machining . . 
SAE J438b: type W108, composition ......710 
SAE J438b: type W108, 

machining 1274, 717-720, 723-725 
SAE J438b: type W109, composition . ....710 
SAE 438b: type W109, 

machining .......... 274, 117-720, 723-725 
SAE J438b: type W110, composition 
SAE 1438b: type W110, 





718, 749, 860 
, 326 

























machining 274, 717-720, 723-725 
SAE J438b: type W112, composition .....710 
SAE J438b: type W11 

machining . 74, 717-720, 723-725 





SAE 24386: type W209, composition . ... .710 
SAE J438b: type W209, 

machining -.. 7. 274, 717-720, 723-725 
SAE J438b: type W210, compositio 
SAE J438b: type W210, 

machining .......... 274, 717-720, 723-725 
SAE J438b: type W310, composition .....710 

















SAE J438b: type W310, 
machining . 274, 717-720, 723-725 
T group, grindability . 729, 732 







TI, composition . 1709 

ТІ; for cutoff band sawing 

TI. for drills..... 

ТІ, for milling y cutters 

TI, for PIE tools. 
TI. for reamers . 

| for shaping tools 

iMortaps....... 

Г1, for turning tools . 
1 grinding... 

ГІ, machining .... 710, 716-718. 731, ЖАЛ 

‚ hot hardnes: 

1 tool bit appli 

» tool steel selection 

ГІ. wear resistance... 

composition . . 

for broaches 

‚ for cutoff band sawing 

| machining е 

grindability . 

. composition 

‚ for broaches, for heat-resistant alloys up 

; grindability . 

; hot hardness . 








„148, 190. E 
728 








BUT 
57 





UMANE T] 
SNE, 73-15 











ЕЧ 
710, 713-721, 723- 725 



















| machining . . 
1 wear resistance ‚57-58 

composition . ..52, 709 
; for boring tools 164, 716 


+203, 743, 744 
715, 770, 838 
57-58 


‚ for broaches . 
‚ for turning tools . 
5: hot hardness 

machining 
tool steel selection 
5, wear resistance. 

‚ composition 
‚ for contour band sawing 
T6. for cutoff band sawing . 
T6. for planing tools 
T6. machining . 








ТВ, for contour band sawing... 
T8. for cutoff band sawing . 
Т8, hot hardness... 
T8, machining . 

T8. wear resistance . 
Т9. grindability . 
Т9, machining 
TIS, composition . 
TIS. CPM composition . 
TIS. for boring tools . 
TIS, for broaches. 
TIS, for counterbores 
TIS, for cutoff band sawing 


713-715, 718, 721 
51, 52, 54, 709, 726, 733 
..63, 64 
. 164, 716, 742 
. 700, 743-746 
251, 752, 50 
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Tool steels, specific types {continued) 
TIS, for drills . 218, 224, 232, 658, 718, 
46. 747, 850, 860 

TIS, for end mills ........ 325,506, 722, Ph, 





TIS, for face mills . 
T15, for gear cutters. 
TIS, for milling cutters 
TIS, for multipoint cutting tools 
TIS, for peripheral end mills 
T15, for planing tools 
T15, for 
reamers.. ..240, 246, 702-703, 0-4, i 
TIS, for shaping tools . 
T15, for slab milling cutters . 
TIS, for spotfacing tools 
T15, for taps . 
TIS, for thread с! ma 
T15, for trepanning tools . 


T та 
44, 653, 740-741, 846, 847, 858 
1726, 732 
27739 









251, 752, 860 
‚ 753, 825, 867 
299 


179, 860 































cols 

Ts РТИ 
TIS: grinding rato 
TIS, hardness . ....- 
TIS, hot hardness . 
TIS; machining .. - 





TIS, tool steel selection. 
T15, wear resistance . 
W group, grindabilit 
W group, machinability . 
WI, composition . 
WI, for contour band sawing > 
WI, for cutoff band sawing. 
WI, for hand reamers 
WL, machining ... 
W1, microstructure 
WI, tool steel selection . 
W2, composition . 
W2, for drills . 
W2, for shaping tools . 
W2, machining. . 
W2, tool steel selection 
WS, composition . 
WS, machining . 
Tool wear 
chip motion strain 
chip velocity . . 
coatings improving high-speed tool steels 
cutting fluids and wear zone temperatures. 39 
and cutting edi relationship . . . ... 645, 646 
and cutting fluids 
cutting velocity 
and machinability 2, 643, 644, 645 
machine, cutting tool, and tool wear 
interactions . 
monitoring systems 
primary shear zone 
secondary shear zone. . 
shear velocity... 
surface shear stresses 
Taylor's tool life tests . 
temperatures in the wear zone: 
tool life equation . 
tool life testing. 
variations in cro: 
volumetric chip removal rate 
wear environment. 
wear mechanisms 
‘Tracer, and shaping . 
Tracer lathes . 
boring . 
turning 
Transfer lines ...... 
Transfer machines . 
Trepanning . . 
cutting fluid flow recommendations 
deep holes 
heat-resistant alloys - " 
in conjunction with drilling .... 
in conjunction with mma 
refractory metals 
tool life.. 
‘Triethanolamine (ТЕА), and chemical 
milling of Al айоуз...........-.-- 583, 584 
















































860, 862, [863 
175, 176, 180 











True rake angle, milling . 317, 318, 319, 328, 329 
VI 





finish. perdi 


Tungsten and tungsten alloys 
electrical discharge machining 





..859 









electrochemical grinding . 543, 545, 547 
electrochemical 
machining ... 


533-535, 536, 537, 541 
DM ‚559 





electrode material б 
electron beam machining . 
in cast Co alloys . 
in high-speed tool steels . 
in P/M high-speed tool steels. 
photochemical machining 
surface alterations » 
Tungsten carbide. S: 
Carbides; Сенен carbides. 
applications 
Co-bonded carbides. 
classification 
coatings for. 
compared with cermets 
compositions . 
diamond for machining 
electrical discharge gri 
electrical discharge mac 
electrochemical grinding . 
ground by diamond whecls 
material yield Areng, 
microstructures . . 















































substrate and diamonds . 
support shims for PCBN inserts . 
tool wear mechanisms . 

Tungsten alloys, specific types 
85% density, abrasive сот sawing. 
85% density, boring . 

85% density. counterboring . 
85% density, drilling 
85% density, end mulling: 
85% density, face milling. . . 
85% density, internal grinding . 
85% density, oil hole or pressurized- -coolant 




























drilling . 
85% density. reaming . 
85% density, spade drilling 
85% density, spotfacing - 
85% density, turning. 








93% density, boring ..... 
93% density, counterboring - 
93% density, drilling. . 





93% density, end milling-slotting 
93% density, internal grinding . . 
93% density, oil hole or pressurized- -coolant 
drilling . 
93% density, reami 
93% density, spade d ng. 
93% density. spotfacing . 
93% density. turni 
96% and 100% density, abrasive сшо! 


96% and 100% density. 
96% and 100% density, end ting slotting 866 
969% and 100% density, internal grinding . -869 
96% and 100% density, oil hol 
pressurized-coolant drilling - 
96% and 100% den: i 
96% and 100% den: 
96% and 100% density. turning . 
2 thoria, boring, 























Anviloy 1100, circular sawing - 

Anviloy 1150, circular sawing . 

Anviloy 1200, circular sawing 
Turbine wheels, fir-tree or dovetail slots 
Turning : 
adaptive ‘control ` 







implemented ........ 620, 622, 623-624, 625 
aircraft engine components, surface finish 
requirements . 
Al alloys . 
















and arithmetic roughness 
automatic bar machine: 
automatic turning machine: 
axial . 
bar-type machi 
basic lathe component: 
Be alloys . . 

bench lathes 
carbon and alloy steels . 
cast irons... + 





668-673, 9s, 676 
. M2, 648, 651, 652, 
653, 654, 656-658 

хим 





cemented carbides u used 
ceramic tools . 
cermet tools . 
and chip formation . 
and chip removal for surface integ ity 
compared to broaching н 
compared to drilling . 
compared to grinding . 
compared to milling . 
compared to thread grinding . 
Cu alloys 
cutting flui 
cutting fluids used . 
diamond (PCD) tooling 
dimensional accuracy 
duplicating lathes 
engine lathes 
equipment capacity x 
gap-frame (gap- -bed) lathe: 
hafnium . 
hand-screw mi 
heat-resistant alloys , 
high- pend steel, carbide ‹ 
























809-810, Sh ap 































кое steel flank wear limits 
hollow-spindle (oil-country) lathes . 
in conjunction with 

boring 160, JB 165, 168, Ka 
in conjunction with EDM . 
in conjunction with tapping 
lathe classification system . 
and ledge wear. ..... 
in machining cente 
Mg alloys .. 
maximum peakcto-valley roughnes: 

(height). 
MMCs. 894, 8 
multifunction machining . 366, 367, 368, 369, 

370, 375, 376, 379, En 

multispindle automatic lathes 
NC implemented ... 
Ni alloys s 
PCBN йа їоо$......... 
P/M materials . . . . 880, 881, 882, 8! 
power consumption . 
process capabili 
radial tangential . 
refractory metals . 
screw machine . 
single-point cutting 
speed lathes . . 
stainless steels 












































.380 
. 858-859, 861, » 862-863 


A ad 148 


692, 693, io) 


surface alterations produced 
surface finish . . 
surface finish requirements « 
surface integrity effects ..... 
Swiss-type automatic screw machines . 
theoretical surfaces produced « 

Ti alloys ..... 
tool geometries 
tool life 
tool monitoring systems . 
tool theoretical surface roughness . 













1143, 
























toolroom lathes . . 
tracer lathes ... 

and transfer machines 
turret lathes . 


uranium alloys . 87. 
vertical turret lathes 139-140 
wheel lathes . 137, 138 


workpiece configuration 
zirconium . 
Zn alloys . 
Turret lathes . 
automatic, tapping 
boring. . 
Cu alloys machine 
die threading, Чара control 
and drilling . 
horizontal . . 
machine selection . 
manual. 
tapping. 
mounting of tools . 
reaming . 
selection of operati 
trepanning 
turning ... 
workpiece fragility and shape. 
Twist drills, of high-speed tool steels 
С 858-864, 56-89 















‚154, 155 
к 








TZM . 858-864, 866-869 
v 
U-500 

contour band sawing , ‚363 





electrochemical machining temoval rates 5и 

grinding . 

ДИМ e 79 
0.700, electrostream dri ing. 
Udimet alleys, photochemical machining . 
Udimet 5 

‘compontion 

current den: 

electrochemical grinding . 
























grindini 

machining . 

milling 547 

thread grinding. 275 
Udimet 630 






оп. 
machining . 

Udimet 700 
composition 
electrochemi cal 


milling 
thread grinding. 

Udimet 710 
composition 
machining 
thread grinding 

Ultrahard tool materials. See Cubic boron 

nitride: Diamond. 


Ultrasonic impact 
ТЕ. 528, 529, 530, 531-532 
ining (USM) . 














р. 
Ultrasonic тас 
СМС of all axes 
coolants 
equipment 
grit sizes .. 
rotary ultrasonic 
machining . . ‚ 528-529, 530, 531-532 
Undercutting, in ‘conjunction with 
turnin; 
Unitemp 1753, thread grinding - 
Untempered martensite (UTM) . 
Uranium and uranium alloys . 
biological effects, health hazard 
chip formation 
common uses 
cutting fluids 
drilling... 


















1874, 875, | 826 
RJAL ЮУ, ER 877 
sisse iue 








electrochemical grinding 
external radiation т exposure, health 

























hazard . 
facing.. 
fire hazard 
grinding . 
health effects and required 

precautions . 877-878 
heat treating -874 
internal radiation exposui 

health hazard . ...877 
machines used 875 
machining parameters . 874-875 
metallurgical considerations . .874 





milling . 
problems associated 
ругорћогіс nature . 
surface finish . 


tool life . 
tools .. . 875-876, 877 
turning » 





‚874, 875 
unique characteristics L8 
Uranium alloys, 

Ung (enriched uranium) 
U-6Nb. к 


U-0.75Ti .. 

















Urethane, waterjet machinery. ea Й. 
v 
V-57 
composition * 
machining . 1738, 74174: HL 13:35) 


Vacuum heat treating . 5-56, 871 
Vacuum hot pressing, Be . 870 
Vacuum sintering ...... 65, 72 
Vanadium 
content in stainless steels ....... .. 682-683 
effect on tool steel 
grindability . ... . 726-727, 728, 729, 731, 732 
in commercial СРМ tool steel 
compositions . .... 
in high-speed tool steels 
in multipoint cutting tool: 
in P/M high-speed tool st 
in tool steels. 
to aid milling of carbon and alloy steels. 
to form simple and complex carbid 
and WC powder preparation 
Vanadium carbide . n- A 
Vapor blasting, electrochemical machining .539 
Vertical boring mi 160, 164-165 
Vertical drill aces trepann 176 
Vertical multiple-spindle ош ic 
machines ...... d 
меа turret lathes, boring . 
































-guides 
Y ас hardness 


carbides . 81 
ceramics -101 
cermets . 91 
Vitrified bond, thread grindi g 
wheels 





V-sections, suited to 





composition . 
machining 
WAD 7823A, Ьгоасһїп................... 209 

1- 
composition 
machining . 







738, 74 











chemical milling 
composition 
electrochemical grinding 
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electrochemical machining . 
end milling 





539, 541 
supra. 








grinding . : ; 547 
machining . . . .738, 741-743, 746-747, 749-758 
milling ... s: S47, 752, 155 
























electrochemical machining. 

thread grinding . 
turning. .... 

Watchmaker’s lathes. 





abrasive waterjet appli 
advantages and orem Ж 
equipment . р 
flow rates 
fluid es = 
MMC: 
pressure 
process characteri: 
waterjet applications 
Web materials, waterjet machining . 
Weibull probabi distribution (density 
function) . 
Whisker reinfoi ement, SiC . 
Wire electrical disch: 
in conjunction wit 
em 

















refractory meta 
Wire stripping, waterjet machining 

Wood and wood-base products, PCD tooling . 
Wood, Че айча carbides for ры 
Wood particle board, PCD tooling 





Wing. xA 
grinding. (sanding) . 





X-40 
broaching ..... 
composition 

X-45, machining . 





Y 


Young's modulus 
cemented carbide properties ышы 
cemented carbides 
ceramics 

Yttria . 

Yttrium 
oxide, toa materials used for 
SiAIYO] 

YAG Sas 




















luminum-garnet) . 


Zinc alloys 
boring 
broaching 
chip formation . 
climb milling. - 
cold form tapping 
cutting fluids . 
deep-hole drilling . 
dichromated, thermal energy method 

of deburring 
die cutting spe: 
die threading . 
drilling... > 
effect on Cu alloy inability 
electrochemical grinding 
end milling . 
form tapping 
grinding. . 
hard spots from intermetallics 
machinability . . 
milling 




















832-833 
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Zinc alloys (continued) 
sawing 
spade drilling . 
spotfacing 
surface finish of die castings 
tapping . 
tool life 
tools . 
turning - 







194, 831-832 









ZA-27. 


Zircaloy-2, contour band sawing . 


Zirconia 






alumina abrasive 
ground by diamond wheels . 
ultrasonic machining . . в 
Zirconium alloys. Sce also Reactive 
metals.. 
contour band sawing . 
electrochemical machining . 
melting point . 
photochemical 





432, 434, 436, 440 
462 













